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or to a reexamination of well known theories. Manu-
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which answers are sought and the connection of the
present work with previous work in the field. All
manuscripts are subject to critical review. It is to be
understood that the final decision relating to a manu-
script'ssuitability rests solely with the editors.

Symposium papers are sometimes published as a
group, but only after special arrangement with the
editor.
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Authors,” available from the Special Issues Sales De-
partment, American Chemical Society, 1155 Sixteenth
St., N.W., Washington, D. C. 20036, in which perti-
nent material is to be found.

Il.  Types of Manuscripts
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oughness, clarity, and completeness. However, authors
should also strive to make their Articles as concise as
possible, avoiding unnecessary historical background.
Abstracts to Articles should be brief— 300 words is a
maximum— and should serve to summarize the signifi-
cant data and conclusions. The abstract should convey
the essence of the Article to the reader.

B. Communications are of two types, Letters and
Comments. Both types are restricted to three-quarters
of a page (750 words or the equivalent) including tables,
figures, and text, and both types of Communications are
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to expedite publication.

Letters should report preliminary results whose im-
mediate availability to the scientific community is
deemed important, and whose topic is timely enough to
justify the double publication that usually results from
the publication of a Letter.

Comments include significant remarks on the work of
others. The editors will generally permit the authors
of the work being discussed to reply.
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the handling of such manuscripts was precisely the same
as that of Articles save for the requirement of an Ab-
stract, and since even a short Article will need an Ab-
stract ultimately, it seems as well to ask the author to
provide this. Short Articles will of course continue to
be welcome contributions.

I1l. Introduction

All manuscripts submitted should contain brief intro-
ductory remarks describing the purpose of the work and
giving sufficient background material to allow the reader
to appreciate the state-of-knowledge at the time when
the work was done. The introductory remarks in an
Article should constitute the first section of the paper
and should be labeled accordingly. In Communica-
tions, the introductory material should not be in such a
separate section. To judge the appropriateness of the
manuscript for The Journal of Physical Chemistry,
the editors will place considerable weight on the
author’sintentions as stated in the Introduction.

IV. Functions of Reviewers

The editors request the scientific advice of reviewers
who are active in the area of research covered by the
manuscript. The reviewers act only in an advisory
capacity and the final decision concerning a manuscript
is the responsibility of the editors. The reviewers are
asked to comment not only on the scientific content, but
also on the manuscript’s suitability for The Journal of
Physical Chemistry. W ith respect to Communications,
the reviewers are asked to comment specifically on the
urgency of publication. Authors are encouraged to
suggest, when submitting a manuscript, names of
scientists who could give a disinterested and informed
and helpful evaluation of the work. All reviews are
anonymous and the reviewing process is most effective
if reviewers do not reveal their identities to the authors.
An exception arises in connection with a manuscript
submitted for publication in the form of a comment on
the work of another author. Under such circumstances
the first author will, in general, be allowed to review the
communication and to write a rebuttal, if he so chooses.
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published together in the same issue of the journal.
Revised manuscripts are generally sent back to the
original reviewers, who are asked to comment on the
revisions. If only minor revisions are involved, the
editors examine the revised manuscript in light of



the recommendations of the reviewers without seeking
further opinions. For the convenience of reviewers,
authors are advised to indicate clearly, either in the
manuscript or in a covering letter, the specific revisions
that have been made.

V. Submission of Manuscripts
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structure should include structure factor tables for use
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Footnotes and references to the literature should be
numbered consecutively within the paper; the num-
ber should also be placed in parentheses in the left
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The thermal decomposition of perchloric acid in the presence of methane has been investigated using a boric
acid coated Pyrex reaction vessel in a flow system. The decomposition kinetics of perchloric acid are quanti-
tatively independent of the presence of methane, showing that methane does not react directly with the acid.
Chlorination of methane by chlorine produced from the perchloric acid decomposition is responsible for the
principal products, methyl chloride and hydrochloric acid. Implications of these results with respect to the
possible roles of CIO radicals in fuel oxidation by ammonium perchlorate and of OH radicals in perchloric

acid decomposition are discussed.

The small yield of carbon monoxide is attributed to hydrogen abstraction

by Cl atoms from formaldehyde, which is itself formed by oxidation of methyl radicals.

Introduction

Current models for the combustion of composite
solid propellants based on ammonium perchlorate (AP)
presuppose that the AP dissociates into ammonia and
perchloric acid and that the products from the decom-
position of perchloric acid oxidize both the ammonia
and the propellent fuel.1 The oxidizing species is un-
known: it may be molecular oxygen, oxygen atoms,
molecular chlorine, chlorine atoms, hydroxyl radicals,
or a chlorine-oxygen species (of which only CIO would
seem to have the necessary stability), or some combina-
tion of these. The present program is directed toward
an increased understanding of the chemical reactions
occurring in the decomposition of perchloric acid and
in the oxidation of simple model fuels. The reaction
under investigation is that of perchloric acid with
methane. A preliminary study of this reaction was
undertaken by Gilbert2 in these laboratories. His
investigation was limited to systems which were very
fuel rich, but he did succeed in showing that direct re-
action of CH4and HC104is unlikely and that oxida-
tion of CH 4occurs at temperatures at which perchloric
acid decomposes. Since this reaction occurs at tem-
peratures below those at which CH 4 is oxidized by

molecular oxygen, the methane must be reacting with
Cl2or some intermediate (0, OH, Cl, ClIO, C102 formed
in the decomposition of perchloric acid.

Experimental Section

A block diagram of the apparatus is shown in Figure
1. The carrier gas flow is regulated by rotameters (A).
The primary stream of carrier gas is preheated and
saturated in the acid bath (B) which contains 72.4%
perchloric acid and is maintained at constant tempera-
ture by means of an oil bath. The methane gas flow
is measured by means of mercury manometers (D) and
a calibrated flow capillary (C) and diluted by the sec-
ondary carrier gas flow before entry into the boric acid
coated reaction vessel (F) which is maintained at con-
stant temperature by an electric furnace. The two
gas streams enter the reaction vessel by means of a twin
jet system (J) which ensures that rapid mixing is
achieved. The effluent gases are passed through so-
dium hydroxide solution (G) to remove acidic compo-
nents before reaching the gas chromatograph sample

(1) P. W. M. Jacobs and G. S. Pearson, Combust. Flame, 13, 419
(1969).

(2) R. Gilbert and P. W. M. Jacobs, ibid., 16, 327 (1971).
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B Acid Saturator
[ Flow Copillary

Figure 1. Block diagram of the apparatus: A, rotameter flow
meters; B, oil bath containing a saturator filled with 72.4%
perchloric acid; C, capillary flow meter; D, manometers; F,
reaction vessel; G, trap containing NaOH solution; H, sample
valve; I, bubble flow meter. The reaction vessel is shown
above the block diagram on a larger scale.

valve (H) from which samples may be drawn for qual-
itative and quantitative estimations by conventional
gas chromatography techniques. The final overall
flow rate of the gas stream is measured by a soap bubble
flow meter (I).

It was hoped that a complete analysis by gas chro-
matography might be feasible; however, this proved
impossible owing to the difficulties involved in a chro-
matographic analysis of mixtures of 02 Cl2 HC1,
HCIO4 H20, CH4 CO, and organic halides. The
principal difficulty is that all tubing must be heated
to 130° to prevent condensation of HC104, and that
the taps in the sampling system would not stand up to
hot HC104at the total pressure (above ambient) neces-
sary for chromatography. Some initial success was
obtained by absorbing the water on barium perchlo-
rate and the perchloric acid on barium oxide, but un-
fortunately irreproducible amounts of CI2 were also
removed in these columns. With the present system
in which the effluent gas is bubbled through a trap con-
taining a standard solution of NaOH, and thence to
the gas chromatograph, titrimetric analysis of the con-
tents of the trap will give the amount of HC104 un-
reacted and the amount of Cl in the form of Cl2or HC1.
Hence the total amount of HC104 passed through the
reactor and the amount decomposed are obtained.
Methane, carbon monoxide, and oxygen are determined
by gas chromatography, the oxygen produced also
being used to determine the amount of acid decomposed.
Difficulties could arise if C0O2were a product since this
would react in the trap but no evidence for the forma-
tion of carbon dioxide was found (eg. in dry runs in

which there was no absorption of the products in
NaOH).

Results

The reaction was studied at seven temperatures be-
tween 297 and 413°. At all temperatures the only
chlorine-containing major product was hydrogen chlo-

The Journal of Physical Chemistry, Vol. 76, No. IS, 1972
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contact time (min)

Figure 2. Plots of log (1 — a) where a is the fraction of
HCIlO4decomposed in contact time f, against t. The linearity
these plots confirms that the reaction is first order: 1, 568 K;
2, 579 K; 3,594 K; 4, 615 K; 5, 633 K; 6, 647 K; 7, 651 K;
8, 659 K; 9, 684 K. Filled circles refer to HC104 alone with
no methane present.

Figure 3. Arrhenius plot of the first-order rate constants for
the decomposition of perchloric acid. Triangles, from oxygen
analysis; circles, from titrimetric analysis; open circles,
HCI04+ CH4; filled circles, HC104with no methane. The
line is a least-squares computer fit to the data assuming that k
is the sum of two first-order rate constants.

ride. Where the methane-perchloric acid ratio is low,
traces of chlorine were found; however, they were
not sufficient to have any significant effect on the over-
all results. Oxygen and carbon monoxide were present
as constituents of the chromatography sample, the
latter appearing in very small amounts in most cases,
especially at the lower temperature range. Hydro-
carbon oils were present in the hydroxide trap. A
qualitative study of these employing chromatography,
revealed the presence of CH31, CHZX12 CHC13, and
CCh.

The results shown in Figure 2 are based upon the
amount of detectable CI produced from the decomposi-
tion of HCIO.. Results based upon the amount of 02
produced are also shown in Figure 3 and compare favor-
ably within the experimental error. The oxygen yield
is expected to be slightly low because some of the oxy-
gen appears as carbon monoxide. The decomposi-
tion of HC104 alone was studied at 308 and 362° and
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the results are also plotted in Figures 2 and 3. Both
chlorine and hydrogen chloride were present in the
trap solution and only oxygen in the chromatograph
sample.

The Arrhenius plot, Figure 3, is in the form of a
curve suggesting that the decomposition occurred by
two parallel reactions. At the lower temperatures
the reaction with the lower activation energy would
predominate, and at the higher temperatures the re-
action with the higher activation energy would pre-
dominate. The Arrhenius plot would therefore consist
of a curve asymptotic to the two straight lines which
correspond to theseindividual reactions. The Arrhenius
parameters for the two reactions were found using anon-
linear least-squares computer program based on the
Marquardt algorithm.3 The reaction at higher tempera-
ture has an activation energy of 45.6 kcal mol-1 and
a preexponential factor of 3.3 X 1013 sec-1, and the
reaction predominating at lower temperatures has an
activation energy of 11.7 kcal mol-1 and a preexpo-
nential factor of 2.5 X 102sec"l From these results
it would appear that the high-temperature decomposi-
tion is essentially a homogeneous unimolecular re-
action possibly with a chain mechanism while the
lower temperature reaction is influenced by a hetero-
geneous component. It is evident that the presence of
methane is having no effect upon the decomposition of
Hci1o~, since the data for the reaction in the absence of
methane fallupon the curve ofthen ci1o4c H 4Arrhenius
plot.

The following subsidiary experiments were also un-
dertaken with the results shown: (1) methane +
oxygen: no reaction in temperature range of Figure
2 (c/. ref 4); (2) methane + chlorine (methane rich):
cHsct and Hci the only significant products; (3)
methane + chlorine + oxygen: cHsc1 and Hc1 the
only products; (4) methyl chloride + oxygen: no
reaction in relevant temperature range; (5) methyl
chloride + chlorine: cci14, with small amounts of
cH2cizand cHcis, formed.

Discussion

The reaction of perchloric acid with methane occurs
only at temperatures at which the acid will itself de-
compose, indicating that no direct reaction between
the acid and methane takes place. Above 290° (the
lowest temperature investigated) the reaction is in-
fluenced by a heterogeneous component and the work
of Gilbert26 has shown that a surface influence is evi-
dent in the acid decomposition. Above 370° the re-
action follows a unimolecular, first-order mechanism
with an activation energy of 45.6 kcal mol-1. The
value for the HO-CIO3bond energy is 48.3 kcal mol-1.
The discrepancy between these values cannot be ex-
plained by reference to the low-pressure limit since,
although the perchloric acid pressure is only a few Torr,

the total pressure is atmospheric and the high-pressure
limit should be the one concerned.

The continuity of the experimental data in the pres-
ence or absence of methane and the absence of large
guantities of carbon monoxide from the reaction prod-
ucts would indicate that the perchloric acid decom-
poses by a mechanism uninfluenced by methane and
that methane reacts only with products from this de-
composition. The mechanism of the decomposition
of perchloric acid alone (in the presence of carrier gas)
has been discussed fully by Gilbert and Jacobs.6 The
essential features are

HCIO:, = CIO + 02+ OH (@)
2C10 = CI* fl- 02 %)
OH + W —“mremoval of OH ®3)

Now since the presence of CH 4does not affect the rate
of decomposition of HC104, it must be reacting only
with one of the final products (Cl2, 02 or with an inter-
mediate that is not itself important in controlling the
rate of decomposition of HC104 Although methane
does react with molecular oxygen at higher tempera-
tures,4it was expected that the reaction of CH 4with 02
would be negligible at the temperatures used in this
work and this was confirmed experimentally.

Clyne6 has recently reported that the CIO radical is
apparently quite unreactive and that only a very slow
reaction was observed with methane at 320°. We
have no evidence in favor of any reaction of CH 4with
Clo.

Oxygen atoms would be much more reactive than
molecular oxygen but are unlikely to exist in any sig-
nificant concentration because (a) the CIO3 formed by
initial fission of the HO-CIO3will decompose7immedi-
ately into CIO + O2rather than into C102 + 0; (b)
therecombination of CIO radicals8by

ClO + CIO = Cl + CIOO 4
ClIOO + Cl = CI* + 02 (5)
CIOO + M =Cl + 0, +M (6)

does not involve 0 atoms; (c) the removal of OH rad-
icals,4 traditionally through reaction 3, but possibly
through homogeneous processes,49 probably does not
result in a significant concentration of 0 atoms. The
possible role of the hydroxyl radical as an oxidizing

(3) D. W. Marquardt, J. Soc. Ind. Appl. Math., 11, 431 (1963).

(4) D. E. Hoare and G. S. Milne, Trans. Faraday Soc., 63, 101
(1967).

(5) R. Gilbert and P. W. M. Jacobs, Combust. Flame, in press.
(6) M. A. A. Clyne, personal communication.
(7) 1. P. Fisher, Trans. Faraday Soc., 63, 684 (1967).

(8) M. A. A. Clyne and J. A. Coxon, Proc. Roy. Soc. Ser. A, 303,
207 (1968).

(9) W. E. Wilson and A. A. Westenberg, “Eleventh Symposium
(International) on Combustion,” The Combustion Institute, Pitts-
burgh, Pa., 1967, p 1143.
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species appears much more interesting in the light of
the nonreactivity ofthe C10 radical.

The following observations relate to the possible
role of OH radicals in both the decomposition of
H ci1o4and the reactions of methane.

(a) Baldwin, and Walker1® have shown
that when methane is added to slowly reacting mix-
tures of hydrogen + oxygen, consumption of methane
occurs by reaction with OH radicals and only to a lesser
extent by attack by H atoms. Drysdale and Lloydn
give the rate constant for

Norris,

CH4+ OH = CH3+ HX @

as
fc = 2.6 X 1010exp(—5000/KT) L mol-1 sec-1 (8)

which expression is to be preferred to an earlier es-
timate of E > 8 kcal/mol.12 All this evidence points
to the reaction of CH4with OH radicals being a rapid
one in the temperature range of interest. However,
the rate of decomposition of HC104 is unaffected by
the presence of methane even when the latter is in
large excess. Since CH4 would be expected to react
with OH radicals (even if this were not the only or even
the main reaction by which CH 4was consumed), this
implies that OH radicals do not participate in the
HC104decomposition as suggested by Levy 13

HC104= HO + CIO + 02 (1)
HO + HC104= HD + C102+ 02 ©

If this were so, then the apparent rate constant fca for
removal of HC104 would have to be divided by 2 to
give ki. However, the invariance of & with respect
to the presence of methane seems to imply that (9)
is unimportant and that OH radicals are removed effi-
ciently by some other process, presumably (3); Wilson
and Westenberg9 employ a bimolecular homogeneous
removal of OH.

(b) The argument presented in (a) above would be

invalid if (i) OH radicals were removed by HC104 (re-
action 9) at a rate such that this was unaffected by the
presence of a large excess of methane; (ii) CH 4reacts
with some other species present in aconcentration com-
parable to that of OH at arate much faster than that of
reaction 7. Condition i seems unlikely in view of the
large excess of methane employed in this and earlier
work.2 Condition ii may be tested once the principal
reaction by which methane is consumed has been identi-
fied.

The major products (apart from H2) when excess
methane reacts with perchloric acid are CH3C1 + HC1.
These are also the only products when excess methane
reacts with Cl2 at these temperatures. The following
mechanism for the methane + perchloric acid system
isin harmony with the experimental data.

Cl2+ M = 2C1 + M (10)
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CH4+ Cl = CHs + HC1 (11)
CH3+ CI* = CHXI + CI (12)

Cl+ Cl+ M =Cl2 + M (13)

Further chlorination of CH 31 results in the small
yields of CH2C12, CHC13 and CC14. An increase in the
chlorine/methane ratio shows an increase in the pro-
duction of CC14 and a decrease in CHCL. The small
guantities of CH2C12 and CHC13 appear unaffected.
There is no evidence for the formation of chloro-C2
compounds or of ethane in the reaction products.

To test b(ii) above we have calculated the rate con-
stants for reactions 7 and 11, respectively, in the tem-
perature range of interest, from (8) and the Arrhenius
parameters given by Fettis and Knox.14 These re-
sults together with comparable data for the reaction

CHXI + Cl = CHX1 + HC1 (14)

appear in Table I. They show that the rate constants
for hydrogen abstraction from methane by OH and CI
are of the same order of magnitude. We conclude,
therefore, that (i) either OH does not react with HC104
in which case it may be reacting with CH 4, so that CH 3
radicals are produced by both (7) and (11); or (ii) that
it is removed by HC104 at a rate considerably greater
than that with which it would react with a large ex-
cess of methane. If OH radicals are reacting with
neither HC104 nor methane, then they are being re-
moved rapidly by some other process such as (3).
Further work to elucidate the precise role of OH is en-
visaged.

Table I:  Arrhenius Parameters and Rate Constants for
Reactions 7, 11, and 14 in the Temperature Range of Interest

—Log (fc/mol I.“i sec-1)-"
A X —t, °C—
10w, 1 E, 394 329 227
mol-1 kcal 10K /T—
Reaction sec-1 mol ~i 1.50 1.66 2.0
CH4+ OH (7) 2.9 5.00 8.78 8.60 8.23
CH4+ ClI (11) 0.6 3.83 8.52 8.39 8.10
CHsCI + CI (14) 1.1 3.28 8.97 8.85 8.61

It has recently been found by Clyne6 that CIO does
not affect the chlorination of methane. This is in
harmony with our proposal that Cl atoms (with a pos-

sible contribution from OH radicals) are responsible

(10) R. R. Baldwin, A. C. Norris, and R. W. Walker, “Eleventh
Symposium (International) on Combustion,”” The Combustion
Institute, Pittsburgh, Pa., 1967, p 889.

(11) D. D. Drysdale and A. C. Lloyd, Oxid. Combust. Rev., 4, 157
(1970).

(12) D. E. Hoare and M. Patel, Trans. Faraday Soc., 65, 1325
(1969).

(13) J. B. Levy, J. Phys. Chem., 66, 1092 (1962).
(14) G. C. Fettis and J. H. Knox, Progr. React. Kinet., 2, 3 (1964).
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for the consumption of methane in mixtures with per-
chloric acid.

There remains the question of the small yield of CO.
Direct oxidation of CH4or CH X1 by 0 2was found not
to occur under these conditions. Baldwin, Matchan,
and Walkerl5have shown that, between 440 and 540°,
the oxidation of methyl radicals has a negative tem-
perature coefficient corresponding to an activation
energy of —20 to —25 kcal/mol. This observation
shows that oxidation of methyl radicals, proceeds, not
through the bimolecular reaction

CH3+ 02= HCHO + OH (15)

but through a more complicated sequence of reactions
involving the methylperoxy radical CH32 and (at
lower temperatures) methylperoxide CH3OH. Never-
theless, although the detailed path for the oxidation of
methyl radicals may be rather complicated, the prod-
ucts are likely to be formaldehyde and OH radicals
just as if reaction 15 were occurring. It seems likely
that CO would be formed under these experimental
conditions by successive hydrogen abstraction from
HCHO by Cl atoms

HCHO + ClI = HCO + ClI (16)
HCO + Cl = CO + HC1 7

An alternative mechanism is
CH3+ CIO = CHD* + HC1 (18)
CHD®* = CO + H2 (19)

for although hydrogen is not found in the products, it
would be removed rapidly by the excess chlorine.
There was no evidence of ethane in the products so
that the alternative chain termination reaction to (13)

CH3+ CH3= CH6 (20)

does not occur in the presence of CI12+ 02where routes
to formaldehyde and especially (12) are evidently pre-
ferred.

The absence of any direct reaction between per-
chloric acid and methane which would increase the
total acid decomposition rate, would indicate that
methane is a relatively poor fuel to incorporate in the
ammonium perchlorate (AP) system. At higher tem-
peratures direct oxidation of methane by molecular
oxygen will occur and this may introduce some new
effects. It must be noted, however, that little attention
has been paid so far (€ .g ref. 1) to the role of Cl in
AP + fuel reactions and, substantiated by accumulat-
ing evidence on the poor reactivity of CIO, the present
results may indicate that Cl rather than CIO is a major
chain carrier in AP + fuel decompositions. Having
said that, one should recall that the burning velocities
of methane-perchloric acid flames167are approximately
three times those of corresponding methane-oxygen
flames and that the latter are not increased by adding
H, CI, or Cl2. Thus the role of CIO, at least at higher
temperatures, may still be an important one. Finally,
it is evident that Cl is not a chain carrier in the de-
composition of perchloric acid alone since the rate of
decomposition of the acid is unaffected by the presence
of methane which reacts rapidly with CI.
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The quantum yields of chlorine consumption during photolysis of chlorine with 330-nm radiation in 3-methyl-
pentane at 300, 199, 97, 87, and 77°K are 2 X 104 5 X 103 270, 4.2, and 0.7, respectively. A higher Ar-
rhenius factor below 97°K than above reflects the influence of deactivation of excited Cb molecules by the
cage walls, concerted reactions as opposed to chain initiation, and/or slowness of diffusion required for chain
propagation. A new reaction intermediate, tentatively assumed to be a charge-transfer complex of a free
radical and a chlorine molecule, is observable in the temperature range of 77-87°K by its esr signal and by
its optical absorption peak at 260 nm. The quantum yield of trapped 3-methylpentyl radicals at 77°K is
0.01 while that of 3-methylpentyl chloride stable products is 0.6, indicating that many CI2 molecules which
have absorbed a photon react to form the chloride in a concerted process rather than through a mechanism
involving stabilized radicals. The decay rate of the trapped free radicals at 77°K is first order in their initial
concentration and increases with initial chlorine concentration, indicating that they are removed by reaction

with diffusing chlorine molecules.

Introduction

The work of this paper was initiated to learn more
about the factors which control chemical reactions of
solutes in glassy solids as compared to reactions of the
same species in the liguid and gas. Glassy 3-methyl-
pentane (3MP) was chosen as the matrix because it has
been extensively used for studying reactions of trapped
electrons, ions, and free radicals produced by ionizing
radiation.2 Photochlorination of the 3MP was chosen
for investigation because the photochlorination of hy-
drocarbons has been extensively studied3in the liquid
and gas phases, and because the activation energy for
abstraction of hydrogen from carbon-hydrogen bonds
by chlorine atoms is low enough so that the reaction
might be expected to take place at a measurable rate at
77°K.

When a gaseous chlorine molecule absorbs a 330-nm
photon, ground-state atoms are formed with 14 kcal
mol-1 of kinetic energy each. In the presence of hy-
drocarbons at 300°K these atoms initiate chain reac-
tions.

Cl2+ hv(330 nm) —® [CI2*] — > CI* + CI* (1)

Cl* + RH — >R + HC1 )
R + Cl2-->mRC1 + ClI ?3)
Cl+ RH —>R + HC1 4)

R (or ClI) + an atom, radical or impurity — *m

stable product, ending chain (5)

Chain lengths of the order of 104chlorine molecules con-
sumed per photon absorbed3indicate very low activa-
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tion energies for the chain carrying steps. These yields
are not significantly different in the liguid at 300°K
indicating that geminate recombination of the CI*
atoms as a result of caging effects is not significant
under these conditions.

In the present work we have investigated the yields
of Cl2consumption, and of trapped radical, dodecane,
and organic chloride production resulting from photo-
activation of Cl2 at 77°K, where the density and vis-
cosity are much higher, and the diffusion coefficients
much lower, than at 300°K. Answers to the following
questions have been sought. (1) Are photoactivated
CU molecules in a glassy hydrocarbon at 77°K deac-
tivated by the solvent cage without abstracting hydro-
gen? (2) Can a photoactivated CI2 molecule react
with a matrix hydrocarbon molecule to form RC1 and
HC1 in a concerted reaction without production of a
free radical as an intermediate step? (3) Are the hy-
drocarbon free radicals produced in pairs which undergo
geminate recombination? (4) Do photochlorination
chains occur in the glassy state and, if so, how fast do

they grow? (5) Is photochlorination in the glassy

(1) This work has been supported in part by the U. S. Atomic
Energy Commission under Contract AT(11-1)-1715, by the Economic
Development Administration of the Government of Puerto Rico,
and by the W. F. Vilas trust of the University of Wisconsin.

(2) For reviews and references, see: (a) J. E. Willard in “Funda-
mental Processes in Radiation Chemistry,” P. Ausloos, Ed., Inter-
science, New York, N. Y., 1968, Chapter 9; (b) W. H. Hamill in
“Radical lons,” E. T. Kaiser and L. Kevan, Ed., Wiley, New York,
N. Y., 1968, Chapter 9.

(3) For examples and references, see: F. S. Dainton and P. B.
Ayscough in “Photochemistry and Reaction Kinetics,” P. G. Ash-
more, F. S. Dainton, and T. M. Sugden, Ed., Cambridge University
Press, New York, N.Y., 1967.
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state selective with respect to primary, secondary, and
tertiary C-H bonds?

A few related investigations of the photolysis of P
and Br2in organic glasses have been reported. Photo-
bleaching of the color of 12in an ethyl ether-isopentane-
ethyl alcohol (EPA) glass4 was originally ascribed to
dissociation of 12 and trapping of | atoms, but it was
subsequently shown5 that this is precluded by caging
effects and that the I12disappearance could be accounted
for by photoinduced formation of HI with a low quan-
tum vyield. Unsuccessful attempts to bleach 12 and
Br2in 3MP glass at 77°K have been reported,6 but a
gquantum yield of 2 X 10“ 4molecule of Br2removed per
photon absorbed has been demonstrated.7 Low quan-
tum yields for 12and Br2disappearance at 77°K are ex-
pected in view of the activation energies of 20 kcal
mol-1 and 10-15 kcal mol-1 for abstraction of hydrogen
from hydrocarbons by iodine and bromine atoms,8and
also the high probability of primary recombination of
halogen atoms within the parent solvent cage.59

Experimental SectionD

Sample Preparation. Phillips Pure Grade 3-methyl-
pentane (3MP) was passed through 55 cm of silica gel
activated for 10 hr at 425°. The effluent was collected
under nitrogen, degassed by the freeze-pump-thaw
technique and by pumping on the liquid on a vacuum
line. It was stored over a sodium mirror. The opti-
cal density of 1 cm of this 3MP at 190 nm was ca. 0.05,
and the gas chromatographic purity was greater than
99.99%. Matheson Research Grade chlorine (99.67%
minimum purity) was stored on the vacuum line in a
flask closed with a Delmar greaseless stopcock. To
meter aliquots the chlorine was liquefied at the tem-
perature of Dry Ice and the vapor was allowed to fill a
flask of known volume at its vapor pressure.

The reaction cells were 1 X 1 cm i.d. square quartz
cells, and 3 X 2 mm i.d. Suprasil cells which allowed
spectrophotometric and esr examinations to be made
on the same sample. 1l

Samples for irradiation were prepared by distilling
3MP from the sodium mirror into the cell, followed by
condensing chlorine from the metering volume and
sealing. The sample was then melted in the dark and
mixed at room temperature, following which it was
frozen to the glassy state by immersing gradually in
liquid nitrogen.

Irradiation Conditions. Irradiations for the purpose
of determining quantum vyields were made with an
Osram HBO 200-W “super pressure” mercury arc and
a Bausch and Lomb high-intensity monochromator
with a uv-visible grating using a bandwidth at half-
height of 150 A centered at the wavelength of the
3340-A mercury line. Samples placed at the focus of
the collimating lens of the monochromator were ex-
posed to an intensity of 1 X 1056to 4 X 10Bphotons/
cm2sec depending on the age of the lamp. To produce
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radicals for the study of decay kinetics in esr cells, an
AH-4 medium pressure mercury arc was used with a
2 mm thick Pyrex filter and quartz collimating lens.
It gave about 5 X 10¥% photons sec-1 over the area of
the sample in the wavelength range absorbed by the
Cl,.

For photolyses at 77-87°K, samples were immersed
in a liquid coolant in a flat windowed dewar (Worden
Quartz Products 4503.7). With the 1 cm2quartz cell,
the dimensions of the light beam entering the glassy
sample were defined by a mask on the face of the dewar.
The 3 X 2 mm cells were held in a copper cell holder
with a slot which defined the beam. Temperatures of
77 and 87°K were maintained with liquid nitrogen and
liquid argon, respectively, and 80 and 83°K were ob-
tained by mixtures of the two. The temperatures w-ere
monitored with a thermocouple. Experiments at 97
and 199°K using the 1-cm2cells were done in a cryo-
stat2 w'hich allowed the temperature to be controlled
by the competition between a coolant (liquid argon or
Dry Ice) and electrical heating.

Actinometry and Quantum Yield Determinations.
Prior to each photolysis of a C123MP sample for the
purpose of a quantum yield determination the light in-
tensity incident on the sample from the monochromator
was determined by ferrioxalate actinometry.13 The
optical density of the actinometer vmas alwmays 2 or
higher throughout the illumination. Duplicate deter-
minations with the actinometer were reproducible
within £ 10%. In a single comparison with a thermo-
pile standardized with a Bureau of Standards lamp, the
latter gave an intensity 20% higher than the acti-
nometer.

The number of CI2 molecules removed during each
photolysis vras determined from Beer’'s law and the
change in optical density of the sample at 330 nm, as
measured with a Cary 14 spectrophotometer. For
rigid samples (97°K and below), wdiere diffusion was

(4) 1. Norman and G. Porter, Proc. Roy. Soc., Ser. A, 230, 399
(1955) .

(5) S. V. Filseth and J. E. Willard, J. Amer. Chem. Soc., 84, 3806
(1962).

(6) R. G. Sowden and N. Davidson, ibid., 78, 1291 (1956).

(7) P. Mazurak, M.S. Thesis, University of Wisconsin, Madison,
Wis., 1966.

(8) For examples and references, see: A. F. Trotman-Dickenson in
“Advances in Free Radical Chemistry,” Vol. 1, G. H. Williams,
Ed., Logos Press, London, 1965.

(9 R. L. Strong and J. E. Willard, J. Amer. Chem. Soc., 79, 2098
(1957).

(10) Further details are given in the Ph.D. thesis of R. Arce-Quin-

tero, University of Wisconsin, 1970, available from University
Microfilms, Ann Arbor, Mich.

(11) These cells were made by Mr. W. J. Wheeler of the Chemistry
Department Glass Shop by pulling down 12 mm Suprasil tubing
over a stainless steel template 6.0 X 0.25 X 0.17 cm.

(12) T. O. Jones and J. E. Willard, Rev. Sci. Instrum., 27, 1037
(1956) .

(13) (a) C. A. Parker, Proc. Roy. Soc., Ser. A, 220, 104 (1953); (b)
C. G. Hatchard and C. A. Parker, ibid., 235, 518 (1956).

The Journal of Physical Chemistry, Vol. 76, No. 13, 1972



1802

too slow for significant mixing of the irradiated and
unirradiated portions of the sample, the chlorine con-
sumption was calculated for the volume of the solution
in the light beam. For liquid samples, where mixing
occurred during illumination, it was calculated on the
basis of the total volume. Experimental tests con-
firmed these assumptions as to the mixing and non-
mixing.

The quantum yield of CI2 consumption is given by
4>(C12 = A(CI2/2/o(i)(I — 10'iic) where A(C12) is the
number of molecules of chlorine consumed in a time
interval of illumination t, during which the incident in-
tensity in photons sec-1 was 70 and the average of the
initial and final optical densities due to CIl2 was tic.
The summation is made with respect to wavelength
increments under the intensity curve of the light from
the monochromator. For a typical sample containing
a Cl2concentration of 3 X 10-3 M the calculated 7&b is
0.96 of its value if the extinction coefficient for all the
incident light is assumed to be that at 330 nm.

Quantum yields of trapped free radicals and of stable
products were all determined on samples irradiated in
the esr optical cells under liquid nitrogen in the Worden
dewar. Following irradiation the optical and esr spec-
tra were determined, and a sample was taken for gas
chromatographic analysis.

Analytical Procedures. Esr measurements of trapped
free radicals were made with a Varian 4500 X-band
spectrometer using a Varian 4531 multipurpose cavity
with 100-kFlz field modulation. The microwave power
was 7 mW, at which power the loss in signal intensity
due to saturation was less than 30%.14 Measurements
at 77°K were made with the sample in a Varian liquid
nitrogen dewar. To determine the absolute number
of unpaired spins, the first derivative esr signal was
converted to the esr absorption curve by an electronic
analog integrator, and this curve was integrated with a
planimeter for comparison with a similarly integrated
curve for a standard solution of the stable galvinoxyl
free radical in degassed benzene. Appropriate correc-
tions for tube size and temperature were made. The
reproducibility of repeated measurements of this type
is ca. £10% and the precision ca. £+20%, the main
source of error being in the double integration tech-
nique.

Gas chromatographic analysis for alkyl chloride and
hydrocarbon products was made on aliquots of the
melted samples, using a 10 ft long 3.8 mm i.d. column
of 40-60 mesh Chromosorb-P coated with 20% by
weight of GE SF-96 silicone oil. Known concentra-
tions of 3-chloromethylpentane and 2-chloro-4-methyl-
pentane in 3MP, used to determine the sensitivity of
the flame ionization detector for alkyl chlorides, gave
identical response. Boiling points of unknown effluent
compounds were estimated from a curve of effluent
times vs. boiling point for known compounds.

The Journal of Physical Chemistry, Vol. 76 ,No. 13, 1972

Rafael Arce-Quintero and John E. Willard
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Figure 1. Absorption spectra of CI2 A, in the liquid at
298°K and the glass at 77°K; B, in the gas at 298°K. The
values of the extinction coefficient are based on the value of
ss M _1 cm.: at 330 nm reported: for the gas.

Results

Absorption Spectrum and Extinction Coefficient of CU
in 3MP. The absorption spectrum of Cl2dissolved in
liquid or glassy 3MP (Figure 1) has a near-uv maximum
similar to that of Cl2gas but with somewhat higher ex-
tinction coefficients. In addition, it shows intense ab-
sorption in the 250-180-nm region which is absent in
the gas. In a 1-cm cell the optical density of this band
is off scale (OD > 2) even at Cl2concentrations as low
as 5 X 10~4M, for which the CI2maximum at 330 nm
has an OD of only 0.05. This absorption, like those of
iodine and bromine in saturated hydrocarbons at wave-
lengths where the gases do not absorbBand that of Cl2
in benzene at 290 nm® is presumably due to charge-
transfer absorption.

To determine the extinction coefficients in liquid
3MP the amount of gaseous CI2 in an optical cell of
known volume was first determined from its optical
density. This cell was then opened through a stop-
cock to a second optical cell of known volume contain-
ing a known volume of 3MP. After thorough mixing
of the gas (13 ml) and liquid (4 ml) phases, the amount
of chlorine remaining in the gas was measured by its
optical density, thus allowing the CI2concentration in
the 3MP to be calculated. About 85% of the Cl2dis-
solved. The data of Figure 1 are the average of four
experiments which agreed within £5%. When a solu-
tion of Cl2in liquid 3MP was cooled to the glassy state
at 77°K, the spectrum was unchanged except for the

(14) We are indebted to Dr. Lewis Perkey of our laboratory for
the power saturation measurements. The radicals produced by
photolysis of CL in glassy 3MP are completely unsaturated at
3mW and below.

(15) (@) D. R. Evans, J. Chem. Phys., 23, 1424, 1426 (1955); (b)
L. E. Orgel and R. S. Mulliken, J. Amer. Chem. Soc., 79, 4839 (1957).

(16) L. J. Andrews and R. M. Keefer, ibid., 73, 462 (1951).
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increase in optical density resulting from the decrease
in specific volume at 77°K to 0.77 of that at 293°K.

The absolute values of the extinction coefficients of
Figure 1 are based on the literature value of 66 M~I
cm-1 for gaseous Cl2at 330 nm.I7 The value of 95 +
10 A/-1 cm-1 for the extinction coefficient of Cl2at 330
nm in liquid and glassy 3MP is similar to values re-
ported for Cl2in CCl14solution (e .g 100 M~lcm-1 180
and 94 M ~1 cm-120).

Reaction Intermediate Which Absorbs at 260 nm.
When glassy 3MP samples containing 10-4 to 10-3
mole fraction of Cl2 are photolyzed at 77°K with 330-
nm radiation, the chlorine absorption (A of Figure 1)
decreases uniformly and can be completely bleached
with continued irradiation. When a partially bleached
sample is allowed to stand in the dark, a new absorp-
tion with a maximum at 260 nm (Figure 2) grows in
slowly, reaching its maximum intensity only after
several days. When a sample irradiated at 77°K is
raised to 83°K immediately after irradiation, the 260
nm peak grows to its maximum within about 8 min.
It disappears when the sample is warmed to room tem-
perature and does not reappear when it is recooled to
77°lv. During photolyses at temperatures between
80 and 87°K, the peak appears prominently in less
than 5 min and grows linearly in samples identical with
those which give no peak during 60-min illumination
at 77°lv. The rate of growth is faster at 83°K than at
80°K. Following irradiation at 80 and 83°lv the peak
continues to grow, but at 87°K it decays. At 83°K it
grows to a plateau from which it decays to zero when
transferred to 87°K. Photolysis at 260 nm following
formation of the peak at 77°K bleaches the 260-nm
peak.

The extinction coefficient of the 260-nm species has
been estimated by photolyzing a solution of Cl2in 3MP
glass at 77°K until ca. 95% of the Cl2absorption was
bleached, allowing it to stand at 77°K for several days
during which the absorption at 260 nm and a new esr
spectrum (see next section) grew. Assuming that the
260-nm peak and the esr spectrum represent the same
species, an extinction coefficient of 6.5 X 104M~1cm-1
at 260 nm and 1.5 X 104M~1I cm-1 at 330 nm were cal-
culated from the optical density measurements and the
concentration measured by esr.

None of the expected products of photolysis (alkyl
radicals, Cl atoms, HC1, and alkyl chlorides) has an
absorption peak at 260 nm. The growth character-
istics of the peak suggest that the species responsible
must be formed by the encounter of diffusing radicals
or molecules produced by the photolysis with each other
or with ClI2 To test the possibility that the absorp-
tion is due to a charge-transfer complex like RC1-C12
or HCI-Clo, samples of 3MP containing 10~3mole frac-
tion (mf) HC1 and 5 X 10-4 mf 1-chlorohexane were
observed spectrophotometrically at 300°K and 77°K
both with and without 4 X 10-4 mf Cl2present. Spec-
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Figure 2. Growth of 260-nm absorption during photolysis
of 1.7 X 10-s mf Cl. in 3MP glass at 83°K: A, before
photolysis; B, after 10-min photolysis. Upper dashed line is
extrapolation of absorption by 260-nm species following
photolysis. Lower dashed line is approximate OD of

cell filled with pure 3MP.

tra of the Cl2containing samples were also recorded at
82 and 90°K. In no case did the 260-nm peak appear.

To test the hypothesis that the 260-nm peak is due
to a complex between a free radical and CI2 samples
from which most of the Cl2had been removed by photol-
ysis were observed. When such a sample which ini-
tially contained 2 X 10" 3mf Cl2in 3MP (initial OD at
330 nm 0.4) was raised to 82°K, the OD at 260 nm
grew to 0.3 in 15 min. A similar sample containing
3.4 X 10-3 mf Cl2with an initial OD of 0.68 was photo-
lyzed for a sufficient time to give a change in the OD at
330 nm of 0.45 which was approximately the same as
the change induced in the first sample. Thus, after
photolysis, the two samples contained about the same
concentrations of free radicals and of HC1 but the sec-
ond sample contained about 1 X 10_3 mf Cl2whereas
the first contained very little CI2 When the tempera-
ture of the second sample was raised from 77 to 82°K,
the OD at 260 nm increased to 3.5 within 10 min.
These and similar experiments with different chlorine
concentrations and times of illumination indicate that
the 260 nm absorption is not due to a complex between
free radicals and HC1 and suggest that it may be due
to a complex between free radicals and CI2

If free radicals can react with Cl2to form the species

(17) G. E. Gibson and N. S. Bayliss, Phys. Rev., 44, 188 (1933).
(18) M. Anbar and I. Dostrovsky, J. Chem. Soc., 1106 (1954).

(19) A. Popov and J. J. Mannion, J. Amer. Chem. Soc., 74, 222
(1952).

(20) L. S. Lippin, J. Gen. Chem., USSR, 22, 795 (1952).
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which absorbs at 260 nm, this peak would be expected
to grow in 7-irradiated samples of 3MP glass contain-
ing ClI2 A sample of 3MP at 77°lv containing 7 X
10-4 mf chlorine was exposed to a 50-sec 7 dose of 4 X
1018 eY g-1. After raising the temperature to 82°K,
the 260-nm peak grew slowly to an OD of 0.35, as com-
pared to a value of 2 in photolyzed samples having
about the same chlorine and radical concentrations.

Rate constants at 77°K for reactions of 02 with 3-
methylpentyl radicals produced by 7 irradiation of
3MP to form 3-methylpentyl peroxy radicals at 77°K
and of Cl2with such radicals to form the species which
absorbs at 260 nm are 10-1 M~1 sec-1 and 5.5 X 10-2
M ~1 sec-1, respectively,D assuming random distribu-
tion of the radicals, the 0 2 and the CI2 In the presence
of a large excess of 02or CI2the kinetics are pseudo-
first order. The rate of diffusion of the free radicals is
negligible compared to that of the 02or CI2 It is not
clear why the rate of radical conversion by Cl2is faster
for the photochemically produced radicals than the
7-produced radicals, although the difference is in the
direction to be expected if the 7-produced radicals are
grouped in localized “spurs.”

Free Radical Production. A 5-min photolysis of 9 X
10-4 mf Cl2in 3MP glass at 77°lv in a 3-mm i.d. esr
tube in the esr cavity, using the monochrometer, pro-
duced radicals giving a spectrum very similar to that
of the secondary 3-methylpentyl radical2l produced in
3MP glass by 7 radiolysis or by photolysis of HI2
(Figure 3, 1 mW). This spectrum shows a change in
structure when the power is increased from 1to 7 mW,
which is not observed for radicals produced by the
other methods, and is strongly saturated at 90 mW
(Figure 3). The 7 radiolysis of 3MP glass containing
9 X 10-4 mf Cl2to a dose of 2 X 1019eV g-1 gave the

Figure 3. Esr spectra of 3MP glass containing 9.1 X 10..
mf Cl., following 5-min photolyses at 330 nm and 77 °K.
Comparison of the three spectra illustrates the effect of
increasing microwave power. The signal level settings were
200, 125, and 80, respectively for the 1-, 7-, and 90-mW
spectra. The modulation amplitude was 1.4 G in each case.
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Figure 4. Esr spectrum of 3MP glass containing 9 X 10..
mf Ch following » dose of 2 X 10.s eV g-: at 77°K.
Signal level, 125; modulation amplitude 1.4 G; power 7 mW.

Figure 5. Esr spectrum of 3MP glass at 77°K containing

9.1 X 10-. mf CI2 following photolysis for 30 min and
standing for 72 hr. Signal level, 200; modulation amplitude
2.2 G; power 15 mW. The arrow indicates g = 2.003.

secondary 3-methylpentyl radical signal (Figure 4)
with an additional low-field signal which may be at-
tributable to CI2-, which has previously been observed
in cyclohexane matrices containing Na and CI223
Photolyzed samples of CI2in 3MP glass did not give
any signal in the range of 3000-6000 G attributable to
chlorine atoms. Such reactive atoms would not be
expected to persist in the matrix, but absence of an esr
signal cannot be taken as proof of their absence. 24
When a glassy sample of Cl2in 3MP which had been
photolyzed was allowed to stand in the dark at 77°K,
its esr spectrum gradually changed from the six-line
structure toward a broad singlet (Figure 5). This is
similar to the structure obtained from the onset of pho-
tolysis of Cl2in 3MP at 83°lv. The change at 77°K
to the broad singlet structure occurs in parallel with the
growth of the optical absorption peak at 260 nm de-
scribed in the preceding section. When the sample

(21) D. Henderson and J. E. Willard, J. Amer. Chem. Soc., 91, 3014
(1969).

(22) S. Aditya and J. E. Willard, ibid., 88, 229 (1966).

(23) J. E. Bennett, B. Mile, and B. Ward, J. Chem. Phys., 49, 5556
(1968).

(24) For references, see S. Aditya and J. E. Willard, ibid., 44, 833
(1966).
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which has developed the broad singlet is photolyzed
with 260-nm radiation the spectrum returns to that of
Figure 3a without change in the area under the absorp-
tion curve obtained by integration, while the 260-nm
absorption peak disappears.

Quantum Yields. The quantum yields for consump-
tion of CI2 production of free radicals, and production
of alkyl chlorides during the photolysis of Cl2in 3MP
at 77°K are 0.72 = 0.09, 0.01, and 0.5, respectively
(Table I). No CiH® peak was found in the gas chro-
matographic analysis, setting an upper limit of 0.005
on its quantum vyield. Yields of CI2 consumption at
higher temperatures are given in Table II.

Table 1: Quantum Yields at 77°K
la, La,
photons photons
sec-1 cc-1 3 sec-1 cc“1 < +
X 10%« (-CL) X 10-¢ (—CI2 (rad) (RC1)
In 1-mcm2
Quart:li in liSr v-'ptiCoii Gcii

0.21 0.78 5.47 0.86 0.012

0.28 0.70 5.85 0.75 0.0094

0.27 0.60 6.62 0.71 0.012

0.43 0.80 7.3 0.58 0.014

0.49 0.60 8.3 0.74 0.020

0.82 0.65 8.8 0.57 0.009

1.05 0.90 9.0 0.64 0.017

1.11 0.94 0.57 0.0094 0.47
1.15 0.72 0.64 0.017 0.61
1.36 0.70 - —
1.41 0.90 Av 0.67 0.013 0.54
1.57 0.74

Av 0.75
Table 1'1: Quantum Yields of Cl. Consumption as a

Function of Temperature

la,

photons
T, [CLlI, sec-lcc'l
°K M X 10-“ (—CL)
300 3.35 X 10-3 0.0067 1.9 X 104
300 1.15 X 10~2 0.050 1.2 X 104
199 56 X 10"3 0.023 5.1 X 103
97 4.8 X 10-3 0.27 270
87 1.3 X 10*2 5.2 4.2
83 1.7 X 10-2 6.2 2.2
80 1.3 X 10-2 3.2 1.5
77 4 X 10-3 0.27 0.7

“In 1-cm2cell, others in esr optical cells.

Dependence of Rate of Ck Disappearance at 77°K on
Absorbed Light Intensity. A plot of log d[CIl2)/d< vs.
log Tab (Figure 6) shows that the rate of Cl2disappear-
ance is proportional to the first power rather than the
square root of the rate of light absorption. This in-
dicates either that: (1) there is negligible chain reac-
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Figure 6. Dependence of rate of Ch disappearance at 77 °K
on light intensity. The values of 7db range from 0.2 X 105
to 1.5 X 103 photons absorbed sec-1 cc-1 in the 1-cm2 cell,
to 5.5 X 1056 photons sec-1 cc-1 in the esr optical cell. The
slope of the solid line is 1.0 and that of the dotted line 0.5.

tion at 77°K; or (2) the chains are terminated by some
process other than a combination of chain carriers; or
(3) chain propagation is so slow at 77°K that most of
the growing chains are not terminated within the time
of the experiment.

Identification of Alkyl Chlorides. Three gas chro-
matographic peaks, assignable to CHBCC1(CH3C2H6
(bp 116°, retention time 21 min), CHXHC1CH(CH3-
CHS5 (retention time 23 min), and CHBH(CHZX1)-
CH5 (bp 126°, retention time 27 min), were observed.
Presumably CHZ1CHZH(CH3CMH5 which is ex-
pected to have the highest boiling point, was eluted
under the 3-chloromethylpentane peak. At 300 and
77°K the absolute yields were secondary > primary >
tertiary, with the secondary being more highly favored
relative to the primary and tertiary at 77°lv. En-
hanced selectivity for removal of secondary hydrogen
atoms from 3MP in the glassy state as compared to the
gas has also been noted in previous studies.2l

Decay of 3-Methylpentyl Radicals Formed by ClI2Pho-
tolysis at 77°K. The trapped 3-methylpentyl radicals
formed by photolysis of Cl2in 3MP glass at 77°K (Ta-
ble 1) decay by composite first order kinetics (Figure
7); i.e., the decay curves for samples with different
initial concentration are superimposable after normali-
zation for dose, indicating either that each radical is
formed adjacent to another radical with which it is
predestined to combine

Cl2+ 2ceH1 2CH i3+ 2HC1 (6)

2CHB CIH® @)
or that the radicals are removed by reaction with the
diffusing Cl2molecules which are present in large excess.
In the two experiments of Figure 7 the initial Cl2 con-
centration was 9.1 X 10~4 mf and the more intense
photolysis decreased this only to 8.5 X 10~4mf so the
Cl2concentration was essentially the same during decay
of both samples. In experiments with equal initial
radical concentrations but different CI2 concentrations
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Figure 7. Decay of 3-methylpentyl radicals formed by CI2
photolysis at 77°K. Both samples were prepared by
illumination of the sample with the AH4 lamp at the same
distance, using a Pyrex filter. In one case the sample was
outside the esr cavity and in the other inside, giving a factor
of 2 difference in the initial radical concentrations, which
have been normalized in the plot.

the decay rate was always faster at the higher Cl2con-
centration.

Discussion

Quantitative Yields and Mechanism at 77°K. The
quantum yield of 0.7 for CI2 disappearance at 77°K
(Table 1) indicates that some Cl2 molecules which are
activated by 330-nm radiation in 3MP glass at this
temperature are deactivated without reacting. Most
of the Cl2molecules which react with the 3MP must do
so in a concerted reaction

Cl2* + CeHU— > CEHITL + HCL )

or in a two-step process involving a radical intermediate
which does not last long enough for esr measurement

C&Hi4 + CI* —> CEHB+ HC1 9)
CHB+ Cl—»r»CEHIRIL (20)

since the yield of trapped radicals is only 0.01 while the
yield of C&Hix1 is 0.5.

In considering the effect of temperature on the quan-
tum vyield of Cl2disappearance, it is necessary to bear
in mind that the yield is the sum of the yield of the
concerted reaction, plus the yield of chain initiation
multiplied by the chain length. From 300°K to 97°K
where 3MP is “fluid” there is reason to believe that
every photon absorbed produces 2 Cl atoms and every
Cl atom initiates a chain. In this region the quantum
yield decreases with decreasing temperature because
the activation energy of the chain-carrying steps is
greater than that of the chain terminating steps. The
Arrhenius factor is ca. 1kcal mol-1 for both the interval
from 300 to 199°K and that from 199 to 97°K. At
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lower temperatures, as the viscosity®d changes from
2.5 X 103P at 97°K to 10126P at 77°K, effects in addi-
tion to the difference between the activation energies
of the chain-carrying and chain-terminating steps con-
tribute to reduction in the quantum vyield. The Ar-
rhenius factors for the 97-87°K and 87-77°K intervals
are 6 kcal mol-1 and 3 kcal mol“1 respectively. Ef-
fects which certainly play a role are the deactivation of
Cl2* without reaction and the onset of the concerted
reaction where one CI2* forms one C@Hi3l and one
HC1 without initiating a chain reaction.

A third effect may be that chain propagation is so
slow in the highly viscous media that it continues after
termination of illumination and was not complete at
the times the measurements at 97°K and below were
made. Each time a C8HB radical is formed, comple-
tion of the next step in the chain requires that a CI2
molecule diffuse to the radical. The diffusion coeffi-
cient of Cl2in 3MP glass at 77°K is estimatedl0to be
14 X 10-16 cm2sec“1l In one experiment at 97°K
evidence for continuing chain propagation after illumi-
nation was observed by a decrease in optical density at
330 nm during several minutes following illumination.

Nature of the 260-nm Species. An additional factor
which may affect the chain propagation rate at 77-
87°K is the reaction intermediate indicated by the
optical absorption at 260 nm (Figure 2) and new esr
spectrum (Figure 5). Since growth of the 260-nm
spectrum is coupled with a loss of resolution of the esr
spectrum of the 3-methylpentyl radicals while bleaching
of the 260-nm radiation regenerates the well resolved
radical spectrum, and since the spectrum is not due to
stable products of photolysis, our best hypothesis at-
tributes it to a charge-transfer complex between a
C@Hi3radical and a Cl2 molecule. The complex forms
slowly at 77°K due to the slowness of diffusion of Cl2to
radicals. It is stable from hours to minutes in the
77-87°K range, and according to the hypothesis, con-
verts to CaHiX1l + CI by reaction 12 above 87°K or on
photolysis at 260 nm.

CHB+ CI2-~ C 6H13CI2 (11)
CEHB<CI2—~ CEHIXL + ClI (12)
Cl + CH¥—> CHB+ HC1 (13)

As would be expected from this scheme, the 260-nm
peak and broad esr spectrum grew back when the sam-
ple was allowed to stand in the dark after they had
been removed by photolysis at 260 nm. The stability
of such a complex is unexpected, but is at present the
most plausible explanation for the observed phenomena.

(25) A. C. Ling and J. E. Willard, J. Phys. Chem., 72, 1918 (1968).
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The photocatalytic and thermal catalytic oxidations of carbon monoxide with nitrous oxide and oxygen were
studied on zinc oxide. The thermal catalytic reaction of carbon monoxide with nitrous oxide is first order
in carbon monoxide pressure and zero order in nitrous oxide pressure. The reaction with nitrous oxide is
strongly retarded by oxygen, even though the overall rate of carbon dioxide formation is not changed by
the addition of oxygen. In contrast, the photocatalytic reaction of carbon monoxide with nitrous oxide
obeys the kinetic expression r = k'PNoaiPco°Aand is not retarded by the addition of oxygen. The photo-
catalytic reaction of carbon monoxide with oxygen is half-order in oxygen pressure and zero order in carbon
monoxide pressure, i.e., r = fc"PQI¥3PcoQ It is suggested that the slow steps of the thermal catalytic reac-
tions of CO with 02and CO with N are the reaction of weakly adsorbed carbon monoxide with the inter-
mediate species O- on interstitial zinc atoms or ions, while under illumination, the slow step of the reaction
of CO with 02is the formation of 0~ species and that of the reaction of CO with N2 is the reaction between

N2D _ and CO+ on sites produced by illumination.

Carbon dioxide retards the reactions of CO with N2

and with 02in the dark but only slightly retards the reactions under illumination.

Introduction

The photoeffects on the adsorption and/or desorption
of oxygen2and the enhancement of catalytic activities
for oxidation reactions35 have been observed on zinc
oxide and other semiconductor-type oxides. These
photoeffects are qualitatively explainable by the elec-
tronic theory of catalysis. Reactions of carbon mon-
oxide with oxygen on zinc oxide in the dark and under
illumination have been studied by several investigators.
However, the conductivity changes of the oxide during
the reaction and the kinetics in the dark and under
illumination measured by various workers have not
always agreed with each other.4-6

We have previously found7that illumination changes
the kinetics of the decomposition of nitrous oxide taking
place on zinc oxide. The thermal catalytic decomposi-
tion of nitrous oxide on zinc oxide obeys a first-order
rate equation, r = fcPNO, while the photocatalytic de-
composition of nitrous oxide is described by completely
different kinetics, r = fcPNb /(1 + PfiPmo + K~PoP)-
Both the thermal and photoreactions take place simul-
taneously over zinc oxide under illumination. On the
basis of these results, it has been suggested that the
thermal catalytic and the photocatalytic reactions pro-
ceed by different mechanisms involving different inter-
mediates. If this rationalization is generally true, the
reaction of nitrous oxide with other molecules such as
carbon monoxide may be expected to proceed by differ-
ent mechanisms on zinc oxide under dark and illu-
minated conditions.8 To further examine this supposi-
tion and the behavior of surface intermediates, the
reactions of CO with N2, CO with 02 and the compet-

itive reaction of CO with N2 and 0 2have been studied
over zinc oxide under dark and illuminated conditions.
From the kinetic studies of these four reactions plus
some competitive reaction experiments a better under-
standing of reaction mechanisms and intermediates on
zinc oxide in the dark and under illumination can be
obtained. The results are discussed from the point of
view of the electronic theory of semiconductor cata-
lysts.

Experimental Section

The closed circulating system, the high-pressure
mercury lamp (Osram HBO 500) light source, and 2.00-
g Kadox-25-zinc oxide sample are the same as those
used previously,7 except that the total volume of the
apparatus is increased by the inclusion of a trap. Ni-
trous oxide was purified by freezing at liquid air tern-

(1) On leave from Tokyo Institute of Technology, Meguro-ku,
Tokyo.

(2) Y. Fujita and T. Kwan, Bull. Chem. Soc. Jap., 31, 379 (1958);
T. 1. Barry and F. S. Stone, Proc. Roy. Soc., Ser. A, 255, 124 (1960).

(3) I. Komuro, Y. Fujita, and T. Kwan, Bzill. Chem. Soc. Jap., 32,
884 (1959); A. Berna, J. Phys. Chem., 68, 2047 (1964); T. S. Nar-
junan and J. G. Calvert, ibid., 68, 17 (1964); unpublished data;
hydrogenation of olefins and decomposition of formic acid on zinc
oxide are not promoted by illumination.

(4) H. Horiguchi, M. Setaka, K. M. Sancier, and T. Kwan, The 4th
International Congress on Catalysis, Moscow, 1968.

(5) W. Doerffler and K. Hauffe, J. Catal.,, 3, 171 (1964);
(1964).

(6) F. Romero-Rossi and F. S. Stone, The 2nd International Con-
gress on Catalysis, Paris, 1960.

(7) K. Tanaka and G. Blyholder, Chem. Commun., 1133 (1970);
K. Tanaka and G. Blyholder, J. Phys. Chem., 75, 1037 (1971).

(8) K. Tanaka and G. Blyholder, Chem. Commun., 736 (1971).
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perature and subliming at Dry Ice-methanol tempera-
ture. Oxygen and carbon monoxide from commercial
cylinders were purified by passage through a liquid air
trap.

The reaction of nitrous oxide with carbon monoxide,
CO + N —»C02+ N2 was followed by gas chro-
matographic analysis of nitrogen, and the competitive
reaction of carbon monoxide with nitrous oxide and
oxygen was followed by the analysis of nitrogen and oxy-
gen using a molecular sieve 5-A column. The reaction
of CO with 0 2was followed by both C02and 0 2analysis
to verify the reaction stoichiometry. The CO02 was
analyzed by using a silica gel chromatographic column.
To remove surface contamination new zinc oxide was
oxidized with oxygen overnight above 400°, then evac-
uated to 10-5 Torr for several hours at the same tem-
perature, and cooled to reaction temperature in a vac-
uum. This catalyst has very high initial activity for
the reaction of CO with N2, but the activity decreases
to a stable value after several runs, and a reproducible
activity is obtained if the evacuation time between runs
is kept constant. Kinetics of the thermal catalytic
reaction were studied over the stabilized zinc oxide
using 1-hr evacuations at the reaction temperatures
between runs. The photocatalytic reaction was studied
over oxide which was stabilized by evacuation with
illumination for 10 min between runs. When other
than these evacuation times were used, the evacuation
time is noted with the experimental result. To avoid
complications due to retardation by product C02 the
initial rates were used to derive rate equations.

Results

1. Reactions on Fresh Zinc Oxicle. The initial high
catalytic activity of the zinc oxide immediately after the
pretreatment described above but before stabilizing
runs was found to be distinctively different from the
activity after stabilization.

When nitrous oxide alone was introduced on the
fresh zinc oxide at 195°, the decomposition of nitrous
oxide was very slow, but addition of carbon monoxide
resulted in an abrupt nitrogen evolution followed by a
slow reaction as shown in Figure 1A. This behavior
was reproducible on the fresh zinc oxide. To confirm
that the presence of nitrous oxide is necessary for the
reaction of carbon monoxide to produce the abrupt ni-
trogen evolution, nitrous oxide was contacted with the
fresh zinc oxide and removed from the gas phase by a
liquid air trap, after which carbon monoxide was added.
No detectable reaction occurred until the nitrous oxide
was vaporized, but then the abrupt nitrogen evolution
followed by slow reaction occurred as shown in Figure
IB.

The abrupt nitrogen evolution in the initial stage of
the reaction is characteristic of the reaction on fresh
zinc oxide, that is, the rapid initial evolution does not
appear after the second run over the same oxide when
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Figure 1. The dark reaction of N2 with CO on fresh

pretreated zinc oxide. (A) At 195° N2 at 26.1 mm was
introduced at time zero, and at the dotted line, CO at 16.4 mm
was added. (B) At 196° N2 at 18.8 mm was added at time
zero. At the first dotted line, N2 was trapped and CO at
19.4 mm was added. The N2 was vaporized at the second
dotted line. (C) At 186° N at 16.6 mm was introduced at
time zero over CO0 2poisoned zinc oxide which had been
evacuated for 2 min. At the first dotted line, CO at 22.8 mm
was added. After 30-min evacuation, N at 22.2 mm and
CO at 26.3 mm were added.

the evacuation time between runs is short. A series
of runs with different evacuation times between runs
of 1, 3, 16, 18, and 24 hr were made on a single catalyst
sample at 202-203°. The amount of nitrogen evolved
in the initial stage of the reaction increases with the
evacuation time. However, the amount of the rapid
evolution observed for 24-hr evacuation is less than one-
fifth of that on the fresh catalyst.

It was found that the initial rapid nitrogen evolution
on the fresh zinc oxide is inhibited by the adsorption of
carbon dioxide. The addition of 21 mm of carbon
dioxide for 10 min followed by 2-30 min evacuation
completely inhibits the initial rapid reaction on the
fresh zinc oxide, but the slow reaction is observed
and its rate is greater when the evacuation time be-
tween runs is longer as shown in Figure 1C. A repro-
ducible activity is obtained when the evacuation time
between runs is kept constant.

2. Thermal Catalysis on Stabilized Zinc Oxide.
Kinetics of the thermal catalytic reaction of nitrous
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tine (nin)
Figure 2. The reaction of CO with N2 on stabilized zinc
oxide in the dark. (A) Effect of N2 pressures at 202°: +,
Pco (mm) 16.2, PNDb (mm) 69.4; O, 16.9, 12.1; =, 17.0, 19.6.
(B) Effect of CO pressures at 203 = 1°: (1), Pco (mm)
17.0 and 16.9, P n20 (mm) 19.6 and 12.1; (2), 29.4. 26.1; (3),
35.4, 39.1; (4), 60.6, 17.3. The retardation effect of oxygen
at 203° (dotted lines): (5), Pco (mm) 16.0, P N.o (mm)
32.6, Po2(mm) 0; (6), 19.2, 27.7, 0.19; (7), 28.3, 16.5, and 19.1,
26.8, 34.4, and 33.1, 1.0, 2.3, and 3.3.

oxide with carbon monoxide were studied over sta-
bilized zinc oxide which was evacuated for 1 hr between
runs to give a reproducible state. Figure 2A shows
time courses of the reaction at 202° with initial pres-
sures of nitrous oxide of 12.1, 19.6, and 69.4 mm and
approximately constant initial pressures of carbon
monoxide of 16.9, 17.0, and 16.2 mm, respectively.
Nitrous oxide pressure is seen to have no influence on
the time course of the reaction.

Figure 2B shows time courses of the reaction with
various initial pressures of carbon monoxide, 17.0, 16.9,
29.4, 35.4, and 60.6 mm at about 203°. The pressure
dependences of the reaction rate derived from the initial
slopes of these time course curves are plotted in Figures
3A and B to show that the thermal catalytic reaction is
zero order in nitrous oxide and first order in carbon
monoxide.

The thermal catalytic reaction of nitrous oxide with
carbon monoxide is markedly retarded by oxygen, i.e.,
oxygen pressures less than 1 mm effectively retard the
reaction of CO with N2 as shown in Figure 2B with
dotted lines. To get further information about the
intermediate species of the oxidation reaction of carbon
monoxide during catalysis, a competitive reaction of CO
with N and 0 2was carried out over a stabilized zinc
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Figure 3. The pressure dependences of initial reaction rates of
CO with N2 at 203 = 1° in the dark.

Figure 4. The competitive reaction of CO with N2 and 02
at 204° in the dark over the stabilized zinc oxide evacuated 16
hr. Initial pressures: Pco = 19-2 mm, pn2o = 27.7 mm,
Po2= 0.19 mm. e, total reaction, pn2+ 2aPo2Where aro2
is the decrease in oxygen pressure. A,d, the reactions without
oxygen: A, Pco = 17.8 mm, Pn2 = 23.1 mm, on surface
evacuated 18 hr; O, Pco = 16.9 mm, Ppn2 = 29.1 mm, on
surface evacuated 16 hr.

oxide evacuated 16 hr at about 204° as shown in Figure
4. The reaction of CO with N2 accelerates when oxy-
gen is completely removed from the gas phase by the
reaction with CO, but the overall carbon dioxide forma-
tion gives asmooth curve. The overall CO2production
is obtained from the raw data by calculating the C02
pressure as the sum of the N2 pressure plus twice the
decrease in 02 pressure as dictated by the stoichiome-
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Figure 5. The reaction of CO with N2 on the illuminated
zinc oxide. A, effect of CO pressures at 203 = 1°: (1), Pco
(mm) 6.2, PND (mm) 24.2; (2), 19.1,25.3; (3), 50.6, 25.0; (4), 81.1,
25.0. B, Effect of ND pressures at 203 + 1°: (1) Pco (mm)
16.8, PNb (mm) 7.4; (2), 17.3 and 17.5, 21.4 and 21.0; (3),

17.2, 58.1; (4), 17.4, 126.3.

tries of the reactions, PN+ 2AP®2 The overall reac-
tion curve obtained in the competitive reaction is iden-
tical with the reaction curves obtained in the absence of
oxygen on similar catalysts (16- and 18-hr evacuations)
plotted in Figure 4 with squares and triangles.
8. Photocatalysis on Stabilized Zinc Oxide.
of the reaction of N with CO were also studied over
illuminated zinc oxide. The zinc oxide was evacuated
for 10 min between runs with illumination at the reac-
tion temperatures. The time course of the reaction at
about 203° with various pressures of carbon monoxide
from 6.2 to 81.1 mm and with approximately constant
initial pressures of nitrous oxide around 25 mm are
shown in Figure 5A, and the results of the reaction with
various nitrous oxide pressures from 7.4 to 126.3 mm
and with approximately constant pressures of carbon
monoxide around 17 mm are shown in Figure 5B.
Conspicuous features of the reaction under illumination
are the pressure effects of carbon monoxide and nitrous
oxide on the reaction rate and the retardation effect by
product carbon dioxide. The pressure dependences of
the reaction rate under illumination are shown in
Figure 6A and B by using the initial slopes of the time
course curves. These may be expressed by the equa-
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Figure 6. The pressure dependence of the reaction of CO
with N2 under illumination. A, Dependence on carbon
monoxide pressures at constant N 2D pressures: (1), Pn2» =
24.2-25.3 mm, 203-204°; (2), PN = 60.5-64.0 mm, 192-193°.
Solid circles; estimated values from (B). B, Dependence on
nitrous oxide pressures at constant CO pressures: (1), Pco

= 16.8-17.5 mm, 201-204°; (2) Pco = 17.5-18.5 mm, 193°.
Solid circles; estimated values from (A).

tion ' = IeN\>1o°"4Pco0'4, which is in sharp contrast to
the thermal catalytic reaction rate r = fcPcol0PN2".

To compare the photocatalytic reactions of CO with
N2 and 02 the reaction of CO with 0 2was also carried
out over illuminated zinc oxide. The results of the
reaction at 109° with various oxygen pressures of 0.6
to 58.8 mm and approximately constant carbon mon-
oxide pressures around 9 mm are shown in Figure 7A,
and the results of the reaction at 203° with various car-
bon monoxide pressures from 6.0 to 73.2 mm and with
approximately constant oxygen pressures around 18
mm are shown in Figure 7B. Figures 8A and B show
the relations between the pressures and the reaction rate
obtained from the initial slopes of the time courses.
The relations indicate that the reaction rate under
illumination is half-order in oxygen pressure and nearly
zero order in carbon monoxide pressure above 20 mm,
i.e.,r = k"Poi/Pco°-

The smaller curvature of the time courses for the
reaction of CO with N2 under illumination (Figure 5)
suggests a smaller retardation effect by carbon dioxide
for the reaction under illumination compared to that
in the dark. The effects of CO2and N2, which have
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Figure 7.
oxide.

The reaction of CO with 0 2on illuminated zinc

A, Effect on 0 2pressure at constant CO pressure at
109°: (1), Pco (mm) 8.2, PO (mm) 58.8; (2), 9.5, 14.9; (3),
8.7, 5.7; (4), 9.0, 3.0; (5), 8.8, 0.6. B, Effect of CO pressure
at constant 0 2pressure and the effects of N2 or C02addition
at 203°: O, Po2= 18.1 mm, PCO = 6.0 mm; a, Po2= 18.0
mm, Pco - 21.5 mm; e, Po2= 17.7 mm, Pco = 42,5 mm;
w, PO = 172 mm, Pco = 732 mm; +, P02= 19.8 mm,

Pco = 37.8 mm, Pn2 = 54 mm; =, Po2= 189 mm, Pco =
19.4 mm, Pco2= 12.0 mm.

similar electronic configurations, on the reaction of CO
with 02 were studied under illumination. The time
course of the reaction with 12.0 mm carbon dioxide
present is shown in Figure 7B with a dotted line, and
the reaction rate obtained from the slope of the curve
is plotted in Figure 8B with a solid circle. The result
with 5.4 mm of nitrous oxide present is shown in Figure
7B with crosses. The results indicate a slight retarda-
tion by C02but no retardation by N2 on the reaction
of CO with 0 2over zinc oxide under illumination.

The competitive oxidation of CO with N2 and with
02 was also studied over the illuminated zinc oxide.
Figure 9 shows the result of the competitive reaction
when only nitrous oxide pressures were changed from
22.4 (crosses) to 80.4 mm (open circles). When the
nitrous oxide pressure is changed in the competitive
reaction, the reaction rate between CO and N2 is
changed, but the reaction of CO with 0 2is not changed.
Figure 10A shows the results of the competitive reaction
when oxygen pressures are changed. The initial oxy-
gen pressure has an obvious effect on the slope of the
time courses of oxygen pressures but no effect on the
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Figure 8. The pressure dependence of the reaction rate of CO

with 0 2under illumination. A, Dependence on oxygen
pressure at constant CO pressure at 109°. B, Dependence
on carbon monoxide pressure at constant 0 2pressure at 203°:
solid circles, the rates when C02or N2 are added.

reaction rate of nitrous oxide with carbon monoxide.
Figure 10B shows results of the competitive reaction
when carbon monoxide pressures are changed from 13.5
(open circles) to 50.4 mm (crosses). The pressure
effect is readily noted on the time courses of nitrogen
pressures but is negligible on the time courses of the
0Xygen pressures.

To get an apparent activation energy of the photo-
catalytic oxidation of carbon monoxide with oxygen, the
reaction rates were measured at the temperatures of
214, 203, 171, 133, and 75° with approximately constant
pressures of oxygen (11.1 to 11.4 mm) and of carbon
monoxide (10.4 to 11.1 mm). The reaction at 203°,
followed by gas chromatographic analysis of oxygen,
and the reactions at the other temperatures, followed by
gas chromatographic analysis of carbon dioxide, gave a
linear Arrhenius plot. The apparent activation energy
is approximately 5 kcal/mol.

Discussion

1. Thermal Catalytic Reactions. It is apparent from
Figure 1 that two distinguishable reactions, one rapid
and the other slow, occur on the fresh surface of zinc
oxide and that the rapid reaction is strongly poisoned by
carbon dioxide but is not poisoned by carbon monoxide.
A notable difference of the rapid initial reaction from
the following slow reaction is that the poisoning by C02

The Journal of Physical Chemistry, Vol. 76, No. 13, 1972



1812
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Figure 9. The competitive reaction of CO with N.O and 02
on the illuminated zinc oxide at 195°. N2 pressures are
changed. -, Pco = 146 mm, PR - 12mm, Pno = 224
mm; +, Pco = 139 mm, p02=1.2 mm, p nd = 80.4 mm.

of the rapid reaction is almost irreversible at around
200° but that for the slow reaction is reversible, that is,
the active sites for the rapid reaction are blocked by the
irreversible adsorption of carbon dioxide at the initial
stage of the first run of the reaction. Thus, the rapid
reaction observed at the initial stage of the first run can
be ruled out of the discussion of catalysis in this paper.

A reversible retardation by carbon dioxide was also
found in the reaction of CO with O2 on zinc oxide.9
The reversible retardation effects of carbon dioxide are
well explained by the characteristics of carbon dioxide
adsorbed on zinc oxide. Amigues and TeichnerD
found that the adsorption of carbon dioxide on a virgin
zinc oxide is accompanied by neither acceptance nor
donation of electrons, but that the adsorption of carbon
dioxide on a surface with presorbed oxygen at 261°
caused the reversible replacement of adsorbed oxygen
and electrons release to the conduction band. Tem-
perature-programmed desorption of oxygen from zinc
oxides gives two peaks with maxima at 180-190 and
280-290° for the adsorption of oxygen at room temper-
ature, but adsorption about 200° gives only the high
temperature peak.13 The fact that O- does not desorb
up to about 280° agrees with the result that the con-
ductivity of evacuated zinc oxide decreases in oxygen
and is not returned to the original value by a subsequent
evacuation below' 261°, but is above 300°.10 Kwan,
et al.,* observed O- species by esr spectroscopy when
nitrous oxide was added at room temperature over zinc
oxide degassed for 1 hr at 500°. In view of all of the
above viork we suggest that the reversible retardation
by CO02observed in the reaction of CO with N2 is
caused by the replacement of O- species with C02
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Figure 10. The competitive reaction on the illuminated zinc
oxide at 190 (A) and 195° (B). A, O2pressures are changed:
-, Pco = 204 mm, P2 = 153 mm, PO, = 49 mm; +,
Pco = 199 mm, pn2% = 16.3 mm, Po2= 3.2 mm; a, Pco
B, CO
pressures are changed: +, Pco = 50.4 mm, Pn2o = 33.3
mm, P02 = 1.9 mm; O, Pco = 135 mm, Pn2 = 33.9

mm, Po2= 1.9 mm.

= 205 mMm, Pn2» = 158 mm, Po2= 15 mm.

It has been established that the adsorption of oxygen
on zinc oxide gives two adsorbed species 02~ and O-
depending on the condition,11-13 and the main species
of adsorbed oxygen on degassed zinc oxide at low tem-
peratures is 0 2 which changes to O- above 160° with
some activation energy.4 Temperature-programmed
desorption3suggests that O- formed on zinc oxide does
not change rapidly to 02- even at about 200°. Conse-
quently, it is not clear whether 02 or O- is the more
likely reaction intermediate in the oxidation of carbon
monoxide over zinc oxide catalyst. Since N2 gives O-
and 0 2gives 0 2 and/or O-, the results of the competi-
tive reaction runs in Figure 4 that 0 2retards the CO +

(9) K. Otsuka, K. Tanaka, and K. Tamaru, J. Chem. Soc. Jap., 88,
830 (1967).

(10) P. Amigues and S. J. Teichner, Discuss. Faraday Soc., No. 41,
362 (1966).

(11) J. H. Lunsford and J. P. Jayne, J. Chem. Phys., 44, 1487
(1966).

(12) M. Codell, J. Weisberg, H. Gisser, and R. D. lyengar, J. Amer.
Chem. Soc., 91, 7762 (1969); A. Tench and T. Lawson, Chem. Phys.
Lett.,, 8, 177 (1971).

(13) K. Tanaka and G. Blyholder, Chem. Commun., 1343 (1971).
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N2 reaction while the total C02production in the CO
reactions with N2 and 0 2remains unchanged indicates
a common intermediate which must then be O-. This
together with the kinetics being first order in CO and
zero order in N2 suggests that the active sites for the
slow thermal reaction are covered with O- species
which are supplied competitively from N2 and 02
during the reaction, and the rate-determining step is
the reaction between O-" and either gas phase CO or
weakly adsorbed CO.

SanderHMobserved two different changes of esr signals
when CO was added to zinc oxide with presorbed oxy-
gen at room temperature and assumed that two types
of reaction proceed on the surface, one being a rapid
reaction with 0 " and the other a slow reaction with 0 2~
Hauffe, et al.,6proposed 0 2~ as an intermediate for the
reaction of CO with 02at 160°, while Teichner, et al.,D
explained their kinetics by assuming uncharged oxygen,
0, as an intermediate of the reaction at 261°. The
present experiments at around 200° clearly indicate
that O- is the most important intermediate in the reac-
tions of CO with 02and ND. The observed Kinetics
and results are explicable by the following scheme.

Zm ™ _Zm+ + (e) 1)

Zm+ Zm2+ + (e) 2)

ND or02+ (e) + Zm or Zm+ —>

0-(ZmorZm+) (3)

CO + 0-(Zm or Zm+) -ly-
CO02(Zm or Zm+) + (e) (slow' step) (4)

where Zm, Znj+, and Zm2+ indicate interstitial zinc
atoms and ions and (e) is an electron in the conduction
band, eq 1 and 2 represent the thermal equilibrium
ionization of donors, and eq 4 is the rate-determining
step of the slow reaction over the stabilized surface.
The reversible poisoning by carbon dioxide of the slow
reaction is not caused by an electron capture process but
by the blocking of the active sites as suggested by Teich-
ner, et al.,0in the competitive adsorption of C02and
02 The retardation by oxygen of the reaction of CO
with N2 and the results of the competitive reaction of
CO with N2 and 0 2indicate that the sites are occupied
preferentially by oxygen from gas phase 0 2rather than
from the decomposition of N2. As will be discussed
below, this model for the thermal catalytic reaction can
explain the differences of the thermal catalytic from the
photocatalytic reaction over zinc oxide.

2. Photocatalytic Reactions. Under dark conditions
both the reactions of CO with N2 and 0 2are first order
in CO pressure on the stabilized zinc oxide, but under
illumination these two reactions each have different
kinetics. The pressure dependence of the reaction rate
of CO with N2 shown in Figure 6 is described by the
equation r = /fT Co0'4 NQU'4. The reaction of CO with
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0 2on the illuminated zinc oxide is half-order in oxygen
pressure and approximately zero order in carbon mon-
oxide pressure above 20 mm CO pressure, r = k" m
Pco°Po’'A, while at pressures lower than 20 mm the
pressure dependence of carbon monoxide appears as
shown in Figure 8B.

The different orders with respect to carbon monoxide
pressure in the two photooxidations could in general be
ascribed to either (1) that the CO surface intermediate
contributes to the slow' step of each reaction in a dif-
erent manner, or (2) that the surface characteristics
are different during each reaction so that there are
different concentrations of the CO intermediate. That
(2) is not the case is showm in Figure 10B by the orders
with respect to CO being different for the reactions with
N2 and 02since both reactions are taking place com-
petitively where the surface conditions must be identical.
The facts that N2 and 0 2have no mutual retardation,
which is in marked contrast to the dark reactions, and
that the orders with respect to CO for the competitive
photooxidations with N2 and 02 are different indi-
cate that the photooxidations of CO with N2 and 02
have different slow' steps and that the contributions of
the CO surface intermediates to the slow steps are
different in each reaction.

Concerning the reaction of CO with 02 Hauffe,
et al.,6reported more complex results than our observa-
tions. At about 200° the photoeffects they noted were
less marked than our observations and above 250° they
no longer observed photoeffects; furthermore, above
200° their rate was only dependent on oxygen pressure
both in the dark and under illumination but at tem-
peratures lower than 200° the rate was promoted by
illumination and the reaction became CO pressure de-
pendent. These results disagree with our results.
It is difficult to pinpoint reasons for these differences,
but it may be noted that besides differences in pretreat-
ment their catalyst was in the form of small pellets
with glass spheres while our catalyst is a fine powder.

For the reaction of CO with N, the rates in the dark
and under illumination are comparable, but the pressure
dependences are markedly different. This suggests
that the thermal catalytic reaction may not take place
over the illuminated zinc oxide. This inference is sup-
ported by the retardation effect of carbon dioxide,
which strongly retards the thermal but only slightly
effects the photocatalytic reaction of CO with 02
These phenomena may be explained by assuming the
active sites for the thermal catalytic reactions are Zm
or Znj+ which are ionized into a higher oxidation state
by illumination to lose their catalytic activity. The
photocatalytic oxidation may then take place on the
sites produced by illumination, i.e., the sites with elec-
trons or electron and hole pairs. A reasonable reaction
scheme is described as

(14) K. M. Sander, J. Catal, 9, 331 (1967).
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ND + e” ND- (5)
CO + h~ CO+ (6)

ND" + CO+ -A** C02 (slow step) (7)
02~ 20 (8)

O+ e™- 0" (slow step) 9)

0- + CO+ —* CO02 (10)

where e and h are electrons and holes produced by
illumination. Equation 5 represents the adsorption of
N2 in the form of N2~, which is an unstable ion in the
gas or liquid phase, but the presence of surface N2~
has been inferred over illuminated zinc oxide during the
decomposition of N20.7 The results obtained here also
support the presence of an N2~ species during the reac-
tion of CO with N2 over the illuminated zinc oxide.
The facts that the reactions of CO with N2 and with
0 2proceed independently and that the reaction rate of
CO with ND is much slower than with 0 2indicates the
decomposition of ND ” to 0 _ and N2is relatively slow
under the reaction conditions. Equation 6 represents
the photoadsorption of CO as has been observed by
Terenin, et al.,5in which holes produced by the illumi-
nation are trapped by adsorbed CO. Since this type
of carbon monoxide adsorption is not expected in the
dark at around 200°, the difference of the orders with
respect to CO pressures under dark and illuminated
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conditions is reasonably explained. The slow step of
the reaction of CO with N2 is presumed to be the reac-
tion between N2~ and CO+.

To explain the Kinetics of the reaction of CO with 02
a preliminary dissociation of oxygen as described by
eq 8, followed by an electron transfer process, eq 9, is
assumed. The photocatalytic oxidation of CO with 02
having no mutual retardation with N2 and being ap-
proximately zero order in CO suggests that the slow
step of the reaction of CO with 0 2is an adsorption pro-
cess of oxygen to give 0 “ as described by eq 9, and that
the reaction between 0~ and CO+ isvery rapid.

It may be noted that the active sites for the thermal
catalysis are effectively blocked by strong adsorbents
such as oxygen or carbon dioxide, but that the active
sites for the photocatalysis are not so sensitive to poi-
soning. Such differences are presumably caused by the
characters of the active sites, that is, the thermal catal-
ysis proceeds on interstitial zinc while the photocataly-
sis proceeds on lattice zinc and/or oxide with electrons
and holes produced by the illumination.
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The reaction of hydroxyl radicals with Br- has been investigated in the pH regions 9-11.5. The maximum
absorptibn of Br2- was followed spectrophotometrically at 365 nm as a function of [Br-] and [OH-]. The
intermediate species, BrOH-, is suggested as a precursor in the oxidation mechanism of Br- .

Introduction

Previous studies on the oxidation of halides and
pseudohalides (e .g SCN-, SH-) by OH radicals using
pulse radiolysis techniques2-7 have shown the produc-
tion of X2 radical complexes. These complexes ab-
sorb strongly in the 340-475-nm region and, therefore,
are conveniently used in competitive systems as refer-
ences for determining rate constants of OH radicals
with different solutes.8-10

The oxidation mechanism usually adopted assumes
an electron transfer reaction from the halide ion to the
OH radical

OH + X- —*mOH- + X @
followed by
X + X-~ X2 2

It is well known that the formation of X 2- is pH depen-
dent. The higher the electronegativity of the halogen
atom the lower the pH needed to suppress the X2
formation. In the case of chloride at millimolar con-
centrations, pH 3 is sufficient to suppress Cl2 forma-
tion,2while in the case of the bromide, pH ~11 is the
critical limit.34 For SCN- the critical pH is even
higher (pH ~14n). Several explanations have been
suggested for this pH dependence. For Cl- the follow-
ing reaction was introduced

OH + CI- + HD+ —> CIl + 2HD 3

For Br-, Cercek, et al.,3 suggested that O- does not
react with Br-, and the pH dependence is a result of
the OH dissociation into O-. Later Matheson, et al.,4
suggested the formation of BrOH- which is in equilib-
rium with Br- and OH, and also with Br and OH- to
account for that pH dependence.

Linnenbom and Cheek22 studied the effect of pH on
the evolution of hydrogen from irradiated bromide solu-
tions and found that the protection efficiency of the
bromide on the molecular hydrogen yield decreases on

increasing the pH. They suggested the reverse of reac-
tion 1to account for that pH dependence.

In a recent publication by Behar, Bevan, and
Scholes13 the oxidation mechanism of SCN- by OH
radicals has been investigated, and the absorption
spectra of the precursors of (SCN)2 were observed.
It was concluded there that the reaction of OH with
SCN- leads to the formation of SCNOH- as an inter-
mediate, and reaction 4 may take place in the mecha-
nism of (SCN)2 formation

XOH- + X- —>mX2 + OH- 4)

Preliminary studies of aqueous alkaline iodide solu-
tionsM also indicate the formation of IOH-. Zehavi
and Rabanil0® studied the competition between eth-
anol and Br- for OH and found dependence of the
relative rate constants on the absolute concentration
of Br-. This dependence could not be explained by
reactions 1 and 2. They interpreted their results also

(1) Supported in part by the U. S. Atomic Energy Commission.
(2) M. Anbar and J. K. Thomas, J. Phys. Chem., 68, 3829 (1964).

(38) B. Cercek, M. Ebert, C. W. Gilbert, and A. J. Swallow, “Pulse
Radiolysis,” Academic Press, New York, N. Y., 1965, p 83.

(4) M. S. Matheson, W. A. Mulac, J. L. Weeks, and J. Rabani,
J. Phys. Chem., 70, 2092 (1966).

(5) J. K. Thomas, Trans. Faraday Soc., 61, 702 (1965).

(6) J. H. Baxendale, P. L. T. Bevan, and D. A. Stott, ibid., 64, 2389
(1968).

(7) W. Karmann, G. Meissner, and A. Henglein, Z. Naturforsch. B,
22, 273 (1967).

(8) G. E. Adams, J. W. Boag, J. Currant, and B. D. Michael,
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Nielson, J. Phys. Chem., 75, 749 (1971).

(10) D. Zehavi and J. Rabani, ibid., 75, 1738 (1971).

(11) D. Behar, P. L. T. Bevan, and G. Scholes, submitted to J.
Phys. Chem.

(12) V. J. Linnenbom and C. H. Cheek, IUPAC Meeting, Moscow,
1965.

(13) D. Behar, P. L. T. Bevan, and G. Scholes, Chem. Commun., 22,
1486 (1971).

(14) G. Scholes, private communication.
(15) D. Zehavi and J. Rabani, J. Phys. Chem., 76, 312 (1972).
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by assuming the formation of BrOH- which reacted
with Br- according to (4). Symons and coworkers
have recently identified CIOH-, BrOH-, and IOH- in
irradiated frozen aqueous solutions of the alkali metal
halides®by esr spectroscopy.

In view of the above-mentioned findings we chose
the bromide as a representative halide to investigate its
reaction with the hydroxyl radicals. The hydroxyl
radicals produced in the pulse reacted with Br- near
the pH region where formation of Br2 is suppressed by
OH-, and from the dependence of the absorption of
Br> on Br- and OH- concentrations we have at-
tempted to elucidate the mechanism of oxidation of the
bromide ion by hydroxyl radicals.

Experimental Section

IvBr, NaZHP04 Na3® 04 and KOH used were all
Baker Analyzed reagents. Solutions were prepared
with triply distilled water. All solutions were bubbled
with Baker nitrous oxide for at least 1 hr. The nitrous
oxide served to convert eag~ into OH. No precaution
was taken to eliminate traces of oxygen in the N2.

In most experiments the concentration of Br- was
kept constant, and the pH was varied by adding solid
NaZHP04, Na®04 or KOH. The solutions were
driven through the irradiation cell where each solution
received a single pulse. Every measurement was re-
peated at least four times, and the average optical
density was taken.

Samples were irradiated in a fused silica cell 2 cm
long with the light passing twice through the cell. The
optical arrangement is identical with that described by
Patterson and Bansal.7 Pulses of 2.8-MeV electrons
of 0.5-/usec duration from a Van de Graaff generator
were used. The current deposited in the irradiated
solution was collected on an electrode mounted in the
output of the cell, and the relative charge input was

monitored by a current integrator circuit. Absorbed
doses were in the range 100-200 rads. All absorption
signals were normalized to a common dose. The devia-

tions in the normalized absorptions were less than 5%.

Results and Discussion

Alkaline Br- solutions were saturated with nitrous
oxide (-~2 X 10-2 M in N2) in order to convert the
solvated electrons into hydroxyl radicals

eag~ + N —> N2+ O- (5)

OH + OH- ~ 0- + H,0 (pK = 11.8%) (6)

The reactions of both OH and O- radicals with the
bromide anion yield the Br2- complex radical which has
a maximum absorption at 360-365 nm.3419 This
absorption reaches a maximum value and then decays
in a second-order process. At low doses the second-
order decay of Br2 can be neglected at relatively
short times after the pulse, and the maximum
absorption can be detected easily. In most of our
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Figure 1. Absorption of Br2~ at 365 nm in pulse radiolysis of
N D-saturated solution containing 1.1 X 10-4 M Br- at pH
10.0. Time scale 5 /;sec per division, absorption

2.5% per division.

experiments the decay of the Br2 was negligible.
Figure 1 is a typical oscillogram where maximum ab-
sorption of Br2- is attained.

In the study of the SCN- and |- systems by Baxen-
dale, Bevan, and Stott6 the maximum absorption of
(SCN)2 and I> was shown to be pH independent in the
pH region 2-7, and reactions 1 and 2 were suggested to
account for the dependence of the maximum absorption
on the halide concentration. In our experiments we
choose the Br- and OH~ concentrations in such a re-
gion where the maximum absorption of Br2- ispH depen-
dent. In general the absorption due to Br2_ qualita-
tively decreases with increased pH when [Br- ] is kept
constant. Figure 2 demonstrates the dependence of the
maximum optical density D on the concentration of
OH- at various Br- concentrations. The dependence
of DO/D on [OH- ]Jisgiven below (see eq Il). DOin the
ordinate of Figure 2 is the maximum optical density ob-
tained when full conversion of the OH radicals into
Br2 occurs. DO= [OH]O0X eB2 X | where [OH]O is
the total concentration of OH radicals produced from
the pulse, €B2 is the extinction coefficient of Br2- at
365 nm, and I the light path (4 cm).

As shown in Figure 2 at constant Br- concentration
the reciprocal value of the maximum optical density D
is linear with OH- concentration. When increasing
Br- concentration, the slopes of the lines decrease.
The following mechanism is consistent with these re-
sults

OH + Br- BrOH- (7

BrOH- + Br- ~ Br2 + OH- 8

Assuming that equilibria 7 and 8 are established when
the optical density of Br2 reaches its maximum value

(16) (a) R. C. Catton and M. C. R. Symons, J. Chem. Soc. A, 446
(1969); (b) I. Marov and M. C. R. Symons, ibid., 201 (1971).

(17) L. K. Patterson and K. M. Bansal, submitted to J. Phys.
Chem.

(18) J. L. Weeks and J. Rabani, ibid., 70, 2100 (1966).
(19) L. I. Grossweiner and M. S. Matheson, ibid., 61, 1089 (1957).



The Mechanism of Br2~ Formation

Figure 2. The dependence of Da/D as defined in the text on
[OH-] for various bromide solutions: V, 1.0 X 10-4; =, 1.47
X 10-4; A, 2.0 X 10-4;0, 51 X 10-4;0, 7.7 X 10-4 M.

D, then the radicals OH, BrOH-, and Br2 coexist
and

Do = [Br2] + [BrOH-] + [OH]
D [Brr] @

Equation | holds only if BrOH- has negligible absorp-
tion at 365 nm. Absorption spectra measured in the
region 320-420 nm at different times after the pulse,
during the growth of the Br2- absorption were identical.
If BrOH- has a different absorption spectrum than
that of Br2 with a significant extinction coefficient in
that region, the spectrum measured in the very early
stage of formation should differ from that after the
Br2~ formation is completed. Since no significant dif-
ferences were observed one can conclude that BrOH-
either does not absorb at 365 nm or has exactly the
same spectrum as Br2 . The latter case which seems
less probable would result in a smaller Kn and Ks than
those measured.

Substituting [BrOH- ]/[Br2 ]Jand [OH]/[Br2 ] from
the definition of K-, and Ka(K7 = [BrOH- ]/[OH] [Br-]
and Ks = [Br2 ][OH- ]J/[BrOH][Br-]) one gets

Do [OH-1(I + K,[Br-])
D + K K 8[Br- ]2 1

On plotting DUD vs. [OH-] at constant [Br-] one
should get a straight line. The plots in Figure 2 for
different bromide solutions demonstrate the depen-
dence given in eq Il. The slopes 6 of these lines are

given by
1+ K-[Br-]
(rn
ATKS8[Br- ]2
and
1
dX [Br-]= (1v)

K&KS8[Br-]+ Ks

In Table | values of 6 for different values of [Br-] are
present. To avoid overcrowding only a few represen-
tative results have been plotted in Figure 2.

1817

Table I: Dependence of 6aon [Br-] at the pH Region 9-11.5
[Br-1 X 105 e
M Af-i
0.92 11,750
1.01 13,500
1.11 9,250
1.11 10,370
1.25 8,250
1.47 6,530
1.68 6,030
1.83 4,450
2.00 3,500
2.50 2,830
3.35 2,100
5.10 930
5.71 390
7.70 390
8.60 473
11.3 297

° 0's are the slopes of the lines such as in Figure 2.

On plotting 6 X [Br-] vs. I/[Br-] according to eq
IV one should get a linear dependence. This plot is
given in Figure 3. The line in Figure 3 is that resulting
from a least-mean-square calculation giving intercept
0.271 and slope 9.47 X 10-5. Points at small 1/ [Br—}
values, which may approach the intercept value, could
not be taken since then relatively high pH's are needed
to have incomplete conversion of OH into Br2- radicals
but at high pH'’s the system behaves differently. In-
stead of a linear dependence of DOD on [OH- ], a de-
pendence on [OH-]2 was found. No simple mecha-
nism could be suggested for this behavior in the very
alkaline region.

From eq IV and the parameters of the line in Figure 2
one obtains A7 = (2.86 + 14) X 103M-1 and Ks =
3.7 = 15.

Another approach has been examined to verify the
suggested mechanism. Buffered solutions at the same
pH were pulse irradiated at different Br- concentrations
and the optical density ratio DOD was plotted as a
function of [Br-] (Figure 4). Equation Il was used to
calculate DOD for different [Br- ] taking K™ and Ks as
free parameters and adjusting them to obtain the best
fit with the experimental DOD values. Figure 4 dem-
onstrates the agreement between the experimental
results and the calculated curve when taking K7 =
2300 M~I and Ks = 4.35. These numbers are in a
good agreement with the values determined previously
using the linear plot of eq IV (Figure 3).

In the course of these studies Zehavi and Rabanib
studied competition reactions between Br- and alcohols
for OH radicals where they determined fc7 and &-7.
One can obtain X7 = 320 M~I from their measure-
ments.

At this stage it seems appropriate to consider the
nature of reaction 8. Although in first view this reac-
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Figure 3. 6 X [Br~] as a function of 1/ [Br~]. 9 are the
slopes of the lines of DD vs. [OH-] at constant [Br-] such
as in Figure 2. For complete data see Table I. The straight
line has the least-mean-square parameters calculated

from the experimental points.

Figure 4. A calculated curve of DO/D as a function [Br-]
according to eq Il taking X7 = 2300 M~x Ka = 4.35 at
[OH-] = 1.65 X 10-3 M. The dots are the experimental
points measured in the pulse radiolysis of Br- solutions at the
same OH- concentration; [OH-] = 1.65 X 10-3 M. The
optical densities D were normalized to a common dose.

tion might seem peculiar, if one considers the OH- as a
pseudohalide, then one finds in the literature20-22
several examples of analogous exchange reactions,
namely

XY- + X- X2 + Y- )

where X and Y stand for CI, Br, I, and SCN.
view reaction 8 can be accepted.

Although the proposed mechanism is in agreement
with the experimental results, it is not the only one that
can fit those results. It can, however, be shown that

In this

The Journal of Physical Chemistry, Vol. 76, No. IS, 1972
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the earlier mechanism suggested by Linnenbom and
Cheek12 with the reaction sequence 10 and 11 is not
sufficient to account for all our findings

Br- + OH”~ Br + OH- (10)

Br + Br-~ Br2 (11)

If this mechanism is adopted, the expression for DD
where OH, Br, and Br2_ coexist is

[OH -

Do/D — 1 +
° Kn[Br] © X1mXn[Br-]2

V)
In this case at constant [Br- ], also a linear dependence
of Do/D on [OH-] should be observed, which is in
accordance with our results. (The term I/Xn[Br_]
is negligible at [Br-]> 10_4M taking Xu = 2.1 X 105
as measured in acid solution.3 Xu should not be
affected by the pH.) But on plotting d X [Br-]
(6 are the slopes of the lines in Figure 2) vs. 1/ [Br- ] one
should get a straight line with zero intercept. (d X
[Br-1 = 1I/XiXn[Br_] is obtained from (V).) Our
results, although having large deviations, clearly show a
finite intercept different from zero.

A different mechanism which accounts for all our
results can be suggested. If one assumes the reaction
sequence 7,12, and 11

BroOH- Br + OH- (12)
then
Do 1 [OH-](I + X7[Br-])
D + Xul[Br-]+ XXuxX1Br-]2 1 j

For [Br-]1> 10“4M, I/Xn[Br- ]is negligible and (V1),
which has the same form as (I1), will show the same de-
pendence of DD on [OH-] and [Br-] as (I1) does.
If that mechanism involving reactions 7, 11, and 12 is
correct, then from Figure 2, X7 will be the same as
determined before, but X 8has to be replaced by Xu X
X772 Taking 2.1 X 105 Af-1 for Xu3one arrives at
2 X 10-5 for Xu. This value for X ]2 suggests that
reaction 12 might be important in near-neutral and
acid solution, but less important in alkaline solutions.
This mechanism might, therefore, be dominant in near-
neutral and acid regions but not in alkaline solutions
where equilibrium 12 is shifted to the left.

(20) M. Schoneshofer and A. Henglein, Ber. Bunsenges. Phys. Chem.,
73, 289 (1969).

(21) M. Schoneshofer and A. Henglein, ibid., 74, 393 (1970).
(22) M. Schoneshofer, Int. J. Radial. Phys. Chem., 1, 505 (1969).
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Free radicals trapped in X-irradiated heptanal oxime-urea inclusion crystals were investigated using electron

spin resonance techniques.

In addition to an iminoxy radical, R—CH=NO-, two secondary radicals were

observed. Spectral simulations and a table of coupling constants and g values are presented. Esr spectra
and selective deuteration suggest that the secondary radicals are of the type R-N-R' and RR'NO .

I. Introduction

In recent years a large number of studies have dealt
with radical formation in oxime molecules. Most often
in solution2‘6 and in single crystals78 the stable free
radical has been the iminoxy radical, R-CH=NO-,
formed by abstraction of the -OH hydrogen atom.
Recent solution studies of oximes have shown that
under the proper conditions nitroxide free radicals,
RHXO-, can also be produced.91 After X-irradia-
tionatlow temperatures R-CH=NO- ... ON=CH-R
radical pairs have been identified in single crystals of
several glyoxime derivatives7'1l and the sodium and
potassium salts of oximinopropionic acid.2 Several
of the studies of the iminoxy radical have noted the
presence of secondary nitrogen-containing radicals
in addition to the principal radical;66 1213 however,
the nature of these secondary radicals remains un-
clear. We report here a study of the iminoxy radical
and secondary radicals from heptanal oxime, CH3
(CH2<CH=NOH, trapped in aurea inclusion crystal.

Inclusion compounds are crystalline substances in
which one of the components fits into cavities formed
by the other.4 Crystallographic data have been
reported on the crystals formed between urea and
acids, alcohols, ethers and several n-hydrocarbons.166
By comparing X-ray powder diffraction patterns, it
has been concluded that all of these systems have similar
hexagonal crystal structures. -Furthermore, a detailed
crystal structure analysis of the n-hexadecane-urea
compound has been completed./ The hexadecane
molecules are in an extended zigzag conformation with
their long axes parallel to the crystalline needle axis
and are enclosed in tubular cavities formed by spirals
of hydrogen-bonded urea molecules. Employing crys-
tal structure and chemical composition data on hydro-
carbon-urea complexes, Smith has concluded that the

ends of successive hydrocarbon molecules in a given
cavity are in normal van der Waals contact.7 In addi-
tion to the crystallographic work, dielectric absorption,8
nuclear magnetic resonance,© and electron spin res-
onance2l investigations of several urea inclusion
compounds have been reported. Results from all of
these studies support the conclusion that the guest mole-
cules fit only loosely in the tubular cavities of the host
and undergo a large degree of molecular motion. Urea
is a convenient host for the otherwise transient species

(1) (a) This work was supported by the National Science Founda-
tion under Grant No. GP-16341; (b) NIH Postdoctoral Fellow
(Fellowship No. 5 F03 CA 42789-02 from the National Cancer
Institute); (c) Fulbright-Hays Exchange Scholar.

(2) R. O. C. Norman and B. C. Gilbert, J. Phys. Chem., 71, 14
(1967).

(3) J. R. Thomas, J. Amer. Chem. Soc., 86, 1446 (1964).
(4) B. C. Gilbert and R. O. C. Norman, J. Chem. Soc. B, 123 (1968).
(5) B. C. Gilbert and R. O. C. Norman, ibid., 86 (1966).

(6) M. Betoux, H. Lemaire, and A. Rassat, Bull. Soc. Chim. Fr.,
1985 (1964).

(7) Y. Kurita, J. Chem. Phys., 41, 3926 (1964).

(8) 1. Miyagawa and W. Gordy, ibid., 30, 1590 (1959);
Symons, J. Chem. Soc., 1189 (1963).

(9) D. J. Edge and R. O. C. Norman, J. Chem. Soc. B, 182 (1969).
(10) J. Q. Adams, J. Amer. Chem. Soc., 89, 6022 (1967).
(11) Y. Kurita and M. Kashiwagi, J. Chem. Phys., 44, 1727 (1966).

(12) H. Hayashi, K. Itoh, and S. Nagakura, Bull. Chem. Soc. Jap.,
40, 284 (1967).

(13) P. Smith and W. M. Fox, Can. J. Chem., 47, 2227 (1969).
(14) J. F. Brown, Jr., Sci. Amer., 207, 82 (1962).

(15) A. E. Smith, J. Chem. Phys., 18, 150 (1950).

(16) W. Schlenk, Jr., Ann., 565, 204 (1949).

(17) A. E. Smith, Acta Crystallogr., 5, 224 (1952).

(18) R. J. Meakins, Trans. Faraday Soc., 51, 953 (1955).

(19) D. F. R. Gibson and C. A. McDowell, Mol. Phys., 4, 125
(1961).

(20) O. H. Griffith, J. Chem. Phys., 41, 1093 (1964).

(21) O. H. Griffith, ibid., 42, 2644 (1965); G. B. Birrell, A. A. Lai,
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because at room temperature the trapped molecules
are magnetically equivalent at all crystalline orienta-
tions. 2021 The lifetimes of radicals derived from guest
molecules by X-irradiation normally range from several
minutes to several days at room temperature. Further-
more, background is minimal since urea does not form
significant concentrations of free radicals under the
conditions employed. 2021

1. Experimental Section

Single crystals of the heptanal oxime-urea inclusion
compound were prepared by dissolving heptanal
oxime (Eastman Organic Chemicals) in a saturated
solution of urea in methanol until inclusion crystals
began to precipitate from solution. The precipitate
was then dissolved by adding excess methanol; large
hexagonal inclusion crystals were obtained by slow
evaporation of the methanol. Urea inclusion crystals
of the deuterated heptanal oxime, CH3CH2XD =
NOH, were prepared in the same manner using 98
atom % deuterium-enriched heptanal oxime from
Merck Sharp and Dohme. The z axis was defined
to lie along the needle axis of the hexagonal crystals,
and the xy plane was perpendicular to the needle
axis. The crystals were X-irradiated for 2 hr at
77°K using a GE XRD-5 tungsten target X-ray tube
operated at 40 kV and 20 mA. Esr spectra were
recorded at room temperature on a Varian E-3 esr
spectrometer. Spectral simulations were performed
with a Varian 620/i computer. The simulation pro-
gram uses a first-order Hamiltonian (secular terms
only) to generate first a stick spectrum and then a
simulation of actual line shapes.2 Gaussian line
shapes and experimental line widths were specified
as input parameters and best fits were determined
by visual inspection.

I1l. Results and Discussion

A. The Iminoxy Radical. Esr spectra recorded
at room temperature immediately after X-irradiation
of heptanal oxime-urea at 77°K indicated the pres-
ence of one short-lived radical in relatively large con-
centration; spectral lines belonging to lower concentra-
tions of secondary radicals were also evident. The
first derivative esr spectrum and corresponding spectral
simulation of this short-lived radical are shown in
Figures la and b, respectively. The spectra of Figure 1
were recorded with the magnetic field parallel to the
crystalline z axis (needle axis) of the hexagonal in-
clusion crystal. The esr spectra are anisotropic ex-
cept in the crystalline xy plane. This behavior is
characteristic of urea inclusion compounds and results
from rapid motion of the long-chain guest molecules
in the tubular cavities formed by the urea matrix.
The net effect is to reduce the number of principal
crystalline axes from three to two (he., perpendicular
and parallel to the z axis, respectively). The six-line
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Figure 1. Experimental (a) and computer-simulated (b) esr
spectra of the iminoxy radical produced by X-irradiation of
(c) and (d) are the
corresponding spectra from heptanal oxime-1-d-urea inclusion

heptanal oxime-urea inclusion crystals,

crystals. Experimental spectra were recorded with the

magnetic field parallel to the crystalline z axis. The
simulations were performed on a Varian 620/i computer using
the data of Table I.

spectrum of Figure la arises from one large, slightly
anisotropic nitrogen coupling constant and one small
isotropic proton coupling constant. Each of these
lines is further split by two small proton coupling
constants (aH = 2.0 G) when the magnetic field is
perpendicular to the crystalline z axis. Figure Ic is
the experimental spectrum from X-irradiated CH3
(CH2CD=NOH, recorded at the same crystalline
orientation as Figure la; Figure Id is the computer
simulation of Figure Ic. From a comparison of
Figures la and c it is clear that the 6-G proton coupling
constant is due to the hydrogen replaced by deuterium
in heptanal oxime-l-d; the deuterium hyperfine split-
tings are, as expected, too small to be detected and were
not used in the simulation (Figure I1d). The unambigu-
ous identification of the hydrogen responsible for the
6-G splitting and the large nitrogen coupling constant
indicate that the short-lived radical from X-irradiated
heptanal oxime is the iminoxy radical

H

CH3(CH24—-ch2-c=no =

Coupling constants and g values for the above radical
obtained at the principal orientations are indicated in
Table I.

An estimate of the isotropic component, alN, of the
anisotropic nitrogen coupling constant can be obtained
using the relation

alN = (73(2L< + aN) (1)

where axiN and azN are the values of the nitrogen
coupling constant measured with the magnetic field in
the crystalline xy plane and parallel to the z axis,
respectively. Using eq 1 and the data of Table I (and

(22) L. J. Libertini and O. H. Griffith, JmChem. Phys., 53, 1359
(1970).
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Table I:

Heptanal oxime

2= 2.0038

Heptanal oxime-I-d

“z and XY indicate the direction of the magnetic field with respect to the crystalline axes.

total number of species with a given coupling constant.

assuming ax/N and azN are of the same sign), alN =
315 G. The large isotropic nitrogen splitting is in
good agreement with values reported for iminoxy radi-
cals produced in other oximes.2-6

Spectra were recorded at numerous orientations of the
inclusion crystals. Rotations of the magnetic field
in the xy plane produced no observable changes in the
esr spectra. This spectral isotropy results from rapid
molecular motion of guest molecules in the tubular
cavities of the crystal, and it has been observed in all
urea inclusion crystals studied thus far.2021 At no
orientation of the magnetic field was there evidence for
magnetically distinguishable sites of the free radicals.
This was experimentally verified for all free radicals
discussed in these pages and is a result of rapid mo-
lecular motion. The spectra are, of course, anisotropic
with respect to rotation about an arbitrary axis.
The anisotropy is due to the variation of the nitrogen
coupling constant aN (the proton coupling constants
are isotropic). The variation in aN can be analyzed by
the standard methods used previously by Libertini
and Griffith in a study of nitroxide free radicals.2
The appropriate equations are

aN = azNcos28 + axNsin28 (2)
or

aN = [(0AN)2co0s26 + (ax,N)2sin26]'/! (3)

where 8 is the angle between the magnetic field and
the crystalline z axis. Equation 3 is a better approxi-
mation than eq 2, but both equations are widely used
in interpreting anisotropic esr data.Z Both equations,
using the values of azN and a*,N given in Table I, pro-
vided an excellent fit to the experimental anisotropy
curve. The largest deviation between the experimental
and calculated values was +0.2 G for eq 2 or eq 3.

B. The Secondary Radicals. The two radicals
responsible for the complex spectrum which remained
after the spectral lines due to the iminoxy radical had
disappeared were individually isolated by (a) subjecting
a crystal to uv light from a 110-W PEK mercury lamp
for up to 18 hr (with no indication of radical formation
due to the uv light) and (b) heating a crystal to 50°
for 5 days. The first derivative esr spectrum of the
uv-stable radical (that isolated by treatment a) from
heptanal oxime recorded with the magnetic field in

(1) azN = 36.0
(1) azH = 6.0

(1) azN = 36.0
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Hyperfine Coupling Constants and g Values for the Iminoxy Radical from Heptanal Oxime and Heptanal Oxime-I-d“ W@

+ 0.2 G (1) ay™=1293 + 026G
+ 0.2 G (1) aXeH = 6.0 + 0.2 G
(2) &* = 20+ 016G
0.0002 0¥ = 2.0062 + 0.0002
+ 0.2 G (1) ayN= 293 + 0.2 G

bThe numbers in parentheses are the

Figure 2. Experimental (a) and computer-simulated (b) esr
spectra of the uv-stable radical obtained from heptanal
oxime-urea inclusion crystals, (c) and (d) are the
corresponding spectra of the heat-stable radical from the same
compound. Spectra were recorded with the magnetic field
perpendicular to the crystalline Z axis. Spectral simulations
were performed using the data of Table I1.

the crystalline xy plane and its spectral simulation are
shown in Figures 2a and b, respectively. Figures
2c and d are the corresponding spectrum and computer
simulation for the heat stable radical (isolated by
treatment b) from heptanal oxime. The spectra of
the uv-stable radical result from one anisotropic nitro-
gen coupling constant and two large, nearly isotropic
proton coupling constants. The esr spectra of the heat
stable radical arise from one anisotropic nitrogen
coupling constant and two isotropic proton hyperfine
splittings, one >30 G and the second 6.0 G.

Esr spectra of the uv-stable radical from CH3CH 25
CD=NOH are not well resolved at most crystalline
orientations; however, with the magnetic field 45°
to the crystalline z axis, a well-resolved spectrum was
obtained (Figure 3a). The spectral simulation (Figure
3b) was calculated using one nitrogen coupling constant
of 14.8 G (consistent with the value obtained from non-
deuterated heptanal oxime at this orientation) and
twio deuterium hyperfine splittings of 2.5 G; splittings
of this magnitude would be expected if two hydrogen
atoms with 17-G coupling constants were both re-

(23) P. C. Jost and O. H. Griffith in “Methods in Pharmacology,”
Vol. 2, C. Chignell, Ed., Appleton-Century-Crofts, New York,
N. Y., 1972; P. Jost, L. J. Libertini, V. C. Hebert, and O. H. Griffith,
J. Mol. Biol.. 59, 77 (1971).
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30 G

Figure 3.
spectra of the uv-stable radical from heptanal oxime-I-d-urea

Experimental (a) and computer-simulated (b) esr

inclusion crystals, recorded with the magnetic field direction
45° from the crystalline z axis. Coupling constants used in
the simulation were aN = 14.8 G (one nitrogen) and aP =
2.5 G (two deuterium nuclei).

placed with deuterium. Deuterium splittings used in
the computer simulation (Figure 3b) were those mea-
sured directly from the experimental spectrum.

Spectra of the heat stable radical from CH3CH25
CD=NOH are well resolved except with H|Jz and
result from one anisotropic nitrogen coupling constant
and one isotropic deuterium splitting of 5 G. Ap-
parently the hydrogen atoms responsible for the proton
hyperfine splittings in the heat stable radical from
CH3CH26&fI=NOH are both replaced by deuterium
when the radical is formed from CH3CH25 D=NOH,
the 33-G proton coupling constant becoming a deu-
terium splitting of 5 G and the 6-G proton splitting
becoming a deuterium whose splittings are too small
to be observed. The experimental and calculated
spectra of the heat stable radical from CH3CH25
CD=NOH recorded with the magnetic field in the
crystalline xy plane are shown in Figures 4a and b,
respectively. The simulation was obtained using the
nitrogen coupling constant and the 5-G deuterium
splitting (the second deuterium splitting was negligible).
Coupling constants and g values for the two secondary
radicals from heptanal oxime and heptanal oxime-I-d
are indicated in Table 1.

In addition to these data, spectra were also recorded
at 10° intervals between the z axis and the xy plane.
For both radicals eq 3 provides a good representation
of the anisotropy of nitrogen coupling constants.
Maximum deviations between the experimental and
calculated points occur midway between 0 = 0° and
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Figure 4. Experimental (a) and computer-simulated (b) esr
spectra of the heat-stable radical from heptanal oxime-Il-d-urea
inclusion crystals, recorded with the magnetic field

Coupling constants
used in the simulation were aN = 21.0 G (one nitrogen) and
aD = 5.0 G (one deuterium).

perpendicular to the crystalline Z axis.

d = 90° and are 1.2 and 0.5 G for the uv-stable radical
and the heat-stable radical, respectively. The agree-
ment using the more approximate relation, eq 2, was
less satisfactory, and the maximum error in this case
was 2.5 G for both the uv-stable and heat-stable radicals.
At no orientation of the crystal did the nitrogen cou-
pling constants fall outside the range given by the prin-
cipal values and aaN) of Tables | and Il. The
relative signs of azyN and az\ were not determined in
these single crystal experiments.

Spectra were also recorded from both X-irradiated
CH3(CH28CH=NOD and CH3CH2XD=NOD
(made by growing the inclusion crystals from deuterated
urea and deuterated methanol); esr spectra of each
of the secondary radicals from CH3CH2XH=NOD
and CH3CH2XD=NOD were identical with the
corresponding spectra from CH3(CH2sCH=NOH and
CH3(CH2& D=NOH, respectively. Thus, the -NOH
proton does not give rise to observable hyperfine
splittings in the esr spectra.

The presence of two deuterium hyperfine splittings
in the esr spectra from both secondary radicals im-
plies that both radicals are bimolecular reaction prod-
ucts formed where adjacent heptanal oxime molecules
are oriented in the tubular cavities head-to-head.24

(24) Although it is possible that urea molecules participate in the
radical formation with the trapped radicals, interactions of this
type would be expected to reduce greatly the molecular motion of
the oxime molecules in the urea cavities, and this is not observed.
The results from the experiments with deuterated urea also support
the contention that the urea is not directly involved in radical forma-
tion.
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Table Il: Hyperfine Coupling Constants and JValues for the Secondary Radicals from Heptanal Oxime and Heptanal Oxime-I-d*“
Heptanal oxime (1) o2n = 7.1 + 0.5 G (1) o2,n = 19.0 + 0.3 G
(uv-stable radical) (1) azH = 17.2 db 0.3 G (1) ax,H = 19.0 + 0.3 G
(1) azH = 17.2 + 0.3 G (1) @&MH= 145 + 0.3 6
Of = 2.0058 + 0.0002 U= 2.0058 + 0.0002
Heptanal oxime-1-d8 (1) azN = 6.0 + 1.5 G (1) Oi,N = 19.0 + 0.3 G
(uv-stable radical)
Heptanal oxime (l) oh = -4 Gc (1) aXyN = 21.0 dz 0.3 G
(heat-stable radical) (1) o2n = 31.3 + 0.3 G (1) @%H = 33.0 dz 0.3 G
(1) azH = 6.0 + 0.2 G (1) aXyH = 6.0 z#c 0.2 &
O = 2.0062 = 0.0002 O = 2.0039 =c 0.0002
Heptanal oxime-I-d azN = unresolved (1) alyN = 21.0 =fc 0.3 G
(heat-stable radical) azD = unresolved (1) aXy* = 5.0 zb 0.2 G

az and XY indicate the direction of the magnetic field with respect to the crystalline axes.

number of species with a given coupling constant.

solved at all orientations except where the magnetic field direction was 45° to the crystalline z axis;

2.5 dz 0.1 G.

Interactions of this type are not unusual in cavities
of inclusion compounds. Monomers such as vinyl
chloride, acrylonitrile, and 1,3-butadiene have been
polymerized while trapped in urea;® similarly, poly-
mers have been formed from a variety of monomers
in the somewhat larger channels of thiourea inclusion
compounds.Z

The fact that only two proton splittings are ob-
served for each radical makes it necessary to postulate
either unsaturation at the carbon atoms attached to
these hydrogens or ring formation in the urea cavity.
Values of alN, calculated for the uv-stable radical and
the heat-stable radical from heptanal oxime using the
experimental data of Table Il and eq 1, are each ap-
proximately 15 G, similar to splittings observed in
numerous studies of nitroxide free radicals232 and also
to values recently reported for several dialkylamino3)3L
(R-hI-R) and alkylalkoxyamino1l3® (R-N-O-R") radi-
cals. Experimental g value data can also be related to
the isotropic g value, g0 to a good approximation using
the relation®

®w = (Vs)@gw + sO 4)

For the uv-stable radical (using eq 4 and the data of
Table 11), go = 2.0058, close to values reported for
various nitroxides;933 for the heat-stable radical, g0 =
2.0047, reminiscent of the 2.0043-2.0046 values ob-
served in dialkylamino radicals.303L The large proton
coupling constant (>30 G) observed in the heat-stable
radical from heptanal oxime is also consistent with the
magnitude of (3-proton coupling constants from dialkyl-
amino radicals and is substantially larger than proton
hyperfine splittings previously reported for nitrox-
ides.280 The experimental evidence available for the
secondary radicals from heptanal oxime thus suggests
that the heat-stable radical is of the dialkylamino (or
alkylalkoxyamino) type and the uv-stable radical is a
nitroxide.

The numbers in parentheses are the total

6 Esr spectra from the uv-stable radical from heptanal oxime-I-d were poorly re-

at the 45° orientation (2) a45°D =

CUnresolved at the z orientation but estimated from an extrapolation of a plot of the angular dependence of aN.

Although it is not possible from the experimental
data to make an unambiguous identification of the two
secondary radicals from heptanal oxime, two possible
radicals are indicated below.

H H H
b :
R-C-N H LS 3
o\ p R— !/ O

N-C—R N— C—R
1 / \

H H

| n

Models of these types would account for both the
>30 and 6-G proton coupling constants of the heat-
stable radical (structure I) and the two nearly equiva-
lent proton coupling constants of the uv-stable radical
(structure I1). The proton coupling constants of the
uv-stable radical, somewhat larger than would be ex-
pected from a straight chain nitroxide, 2829 are also
consistent with a slightly strained five-membered ring.38
However, these structures are only suggestions since other
radicals of the type R-N-R and RR'N-Om can be
drawn which could accountfor the experimental data.

(25) E. E. Wedum and O. H. Griffith, Trans. Faraday Soc., 63, 819
(1967).

(26) D. M. White, J. Amer. Chem. Soc., 82, 5678 (1960).

(27) J. F. Brown, Jr., and D. M. White, ibid., 82, 5671 (1960).
(28) G. Chapelet-Letourneux,
Soc. Chim. Fr., 3283 (1965).
(29) J. Q. Adams, S. W. Nicksic, and J. R. Thomas, J. Chem. Phys.,
45, 654 (1966).

(30) W. C. Danen and T. T. Kensler, Tetrahedron Lett., 2247 (1971);
W. C. Danen and T. T. Kensler, J. Amer. Chem. Soc., 92, 5235
(1970)

(31) D.W. Pratt, J. J. Dillon, R. V. Lloyd, and D. E. Wood, J. Phys.
Chem., 75, 3486 (1971).

(32) W. C. Danen and C. T. West, J. Amer. Chem. Soc., 93, 5582
(1971) Z. Ciecierska-Tworek, G. B. Birrell, and O. H. Griffith,
J. Chem. Phys., 56,1001 (1972).

(33) T.S. Kawamura, S. Matsunami, and T. Yonezawa, Bull. Chem.
Soc. Jap., 40, 1111 (1967).
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The essential point is that the two protons contribut-
ing to the esr spectra were originally a protons of ad-
jacent oxime molecules. Thus, both the heat-stable
and uv-stable radicals are bimolecular reaction products
formed between two oxime molecules. The reacting
oximes are undoubtedly oriented in head-to-head
fashion in the urea lattice. The geometrical restraints

Kazumi Toriyama and Machio lwasaki

imposed by the tubular cavities of urea inclusion crys-
tals facilitate reactions that would not be easily ob-
served in studies of the pure oximes.
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To examine the possibility of the C-F bond rupture by dissociative electron attachment to fluorine, esr study
has been carried out using irradiated glasses of 2-methyltetrahvdrofuran containing small amounts of fluori-
nated compounds such as CFHZZONH2 CHF2ZCOOEt, CF3CONH2 CF3TOOEt, CFsCOOH, c-Ca12 and
CFZC1CONH2 Among these, the first three compounds gave clear evidence that radicals are formed from
the rupture of the C-F bond by electron attachment followed by the dissociative process. The results ob-
tained from a series of compounds indicate that the partially fluorinated compounds are favorable to the dis-
sociative electron attachment and that the electron-withdrawing tendency of the functional group is another
important factor for the dissociative process. Our results may suggest that the dissociative electron attach-
ment plays an important role in the formation of radicals in some irradiated fluorine-containing compounds,

although the cross section is not so large as compared with that in chlorine-containing compounds.

Dissociative electron attachment to organic halides
[RX + e~ — R + X-]in irradiated organic glasses
has*been thoroughly studied by esr and optical mea-
surements.1 It has been pointed out that the dissocia-
tive process occurs when the electron affinity of X ex-
ceeds the bond dissociation energy of R-X .12 Since
the C-F bond strength exceeds the electron affinity of
the fluorine atom, it is believed that the electron attach-
ment to some fluorinated compounds is nondissocia-
tive.1,36 In this connection, the mechanism of the
C-F bond rupture in the 7 radiolysis of fluorocarbons
and hydrocarbon-fluorocarbon mixtures has been the
subject of many recent studies.3-9

On the other hand, we have found in our previous
work1 that CH2ZONH2 is produced in a crystal of
monofluoroacetamide irradiated at 77°K and that
upon warming CH2ZCONHZ2abstracts an hydrogen atom
from the neighboring molecule forming CHFCONH2
This means that the primary radical in partially flu-
orinated compounds is the one formed by the selective
breakage of the C-F bond and that the secondary rad-
ical is produced by the selective abstraction of the hy-

The Journal of Physical Chemistry, Vol. 76, No. 18, 1972

drogen atom. It was also found that the radical pair
between CHZONH2 and CHFCONH2 is formed at
77°K as a minor product. Although a mechanism
involving hot fluorine atoms liberated from the direct
breakage of the C-F bond was assumed in our previous
paper,D we became aware of the importance of ionic
processes shortly after submitting our manuscript.1l

(1) W. H. Hamill, “Radical lons,” E. T. Kaiser and L. Kevan, Ed.,
Interscience, New York, N. Y., p 321.

(2) D. W. Skelly, R. G. Hayes, and W. H. Hamill, J. Chem. Phys.,
43,2795 (1965).

(3) L. A. Rajbenbach, J. Amer. Chem. Soc., 88, 4275 (1966).
(4) N. H. Sagert and A. S. Blair, Can. J. Chem., 46, 3284 (1968).
(5) L. A. Rajbenbach, J. Phys. Chem., 73, 356 (1969).

(6) N. H. Sagert, J. A. Reid, and R. W. Robinson, Can. J. Chem.,
47, 2655 (1969).

(7) N. H. Sagert, ibid., 46, 95 (1968).
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Esr Evidence for the C-F Bond Rupture

We therefore examined the possibility that radicals
are formed from the rupture of the C-F bond by the
dissociative electron attachment in irradiated 2-methyl-
tetrahydrofuran (MTHF) glasses of monofluoroacet-
amide and its related compounds. We have then
found evidence for the dissociative electron attach-
ment to such fluorinated compounds as monofluoro-
acetamide, ethyl difluoroacetate, and trifluoroacet-
amide in MTHF glasses. No such evidence has been
obtained for other fluorinated compounds such as tri-
fluoroacetic acid, ethyl trifluoroacetate, and perfluoro-
cyclohexane.

Experimental Section

MTHF used was purified by passing through a col-
umn of silica gels. CHZCONH2 CFONH2 CHF2
COOEt, CFXOOEt, CFX0O0H, and CC1FZO0NH2
which were used as solutes in this experiment, were ob-
tained from Pierce Chemical Co. Perfluorocyclo-
hexane was supplied from the fluorine chemistry lab-
oratory of our Institute. Esr samples were prepared
in a vacuum line by distilling MTHF into the Spectro-
sil tube containing each of these fluorinated compounds
in an amount of 1-2 mol %. Irradiations were made
by 8Co 7 rays to a dose of 5 X KP rads at 77°K in the
dark. Esr spectra were measured at 77°K by a JE-
OLCO 3BS-X spectrometer operated at X band.

Results and Discussion

Figure la shows the esr spectrum of the trapped elec-
tron in the MTHF glass containing no additives.
When 2 mol % of CHF2COOEt is added, the single line
due to the trapped electron is replaced by a pair of
doublets as shown in Figure Ib. The central seven
lines are mainly from the MTHF radical. The pair of
doublets can be interpreted by the hyperfine line shape
as due to anisotropic a-fluorine coupling. As previ-
ously reported1213the large anisotropy of the a-fluorine
coupling is known to give the wing peaks corresponding
to the large value of A\\, which ranges from 180 to 200
G.¥4 It has also been demonstrated that the wing
peaks further split into the hyperfine lines due to the
small couplings with other nuclei. It is evident that
the wing peak separation of about 200 G in Figure Ib
arises from the coupling with one a-fluorine nucleus.
The small splitting, 22 G, of each wing peak indicates
the existence of the a-proton coupling. The hyperfine
lines corresponding to the Ax component of the a-flu-
orine coupling tensor are superposed on the central
lines due to the MTHF radical, resulting in consider-
able changes in the intensity ratio of the seven-line
spectrum of the MTHF radical. Thus the radical
responsible for this spectrum can be assigned to CHF-
COOEt produced by the C-F bond rupture. Since
this radical is formed in the MTHF glass, we conclude
that the C-F bond scission occurs by dissociative elec-
tron attachment
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CHFZXOOEt + e- —*m -CHFCOOEt + F~ (1)

A similar experiment was also carried out using
CHZCONH2as a solute. In this case, the radical ex-
pected from dissociative electron attachment is CH2
CONH2having no a fluorine, so that the superposition
of the spectrum due to the MTHF radical makes it
difficult to obtain clear evidence for the formation of
this radical. However, the signal due to the trapped
electron was greatly reduced by adding 2 mol % of
CHO-CONH2 and the spectrum obtained after photo-
bleaching of the remaining trapped electron was found
to be a superposition of the signals due to CH2Z2ONH2
and MTHF radical. This was confirmed by com-
paring the spectrum with that obtained from the
MTHF glass containing CH2C1CONH2 which is ex-
pected to give CHZZONH2 The spectra were reason-
ably similar except that the addition of 1-2 mol % of
CHZC1CONH2 resulted in the complete disappearance
of the signal of the trapped electron. This may mean
that the cross section for electron attachment is smaller
in CHZCONH2than in CHZ1CONH2

To compare the cross section for dissociative electron
attachment to fluorine with that for chlorine, a similar
experiment was also carried out using CCIFZ20NH2
In this case the only radical formed was CFZZONH?2

Figure 1. Esr spectra of (a) MTHF glass and (b)
CHF2ZO0O0Et (2 mol %) in MTHF glass, 7-irradiated at 77°K
to a dose of about 5 X 104rads. Spectrum b was measured

with a gain five times higher than spectrum a.

(12) M. Iwasaki, K. Toriyama, and B. Eda, J. Chem. Phys., 42,
63 (1965).

(13) M. Ilwasaki, ibid., 45, 990 (1966).
(14) M. Iwasaki, Fluorine Chem. Rev., 5, 1 (1971).
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and no evidence for CC1FCONH2was obtained. This
means that the cross section for dissociative electron
attachment to fluorine is very much smaller than that
to chlorine.

On the other hand, no spectral evidence was obtained
for the formation of CF2Z0O0OEt in MTHF glass con-
taining CFCOOEt. This is in marked contrast to the
case of CFHCOOEt and may result from the lower
C-F bond strengths of the partially fluorinated com-
pounds compared to those of the trifluoro compounds.b
It was, however, found that in a series of trifluoro com-
pounds, CFsCOOH, CFaCOOEt, and CF3ONH2
having different functional groups, only the last com-
pound having the least electron-withdrawing group
gave the radical CFZ2ONH2 formed from C-F bond
rupture. This suggests that the electron-withdrawing
tendency of the functional group is another important
factor for the dissociative process.

Since the y radiolysis of cyclohexane-perfluorocyclo-
hexane mixture has been the subject of many recent
studies in view of the mechanism of the C-F bond rup-
ture,4-9 a similar experiment was also carried out using
perfluorocyclohexane. However, no spectral evidence
was obtained for the formation of c-CeFn- in the
MTHF glass containing cC&-i2 although its formation
is reported in pure cC6Fi2irradiated at 77°K.®

G. Pollard, N Smyrl, and \] P Devlin

In our previous workXon an irradiated single crystal
of CHZFCONH2 we have assumed the direct breakage
of the C-F bond by ionizing radiation producing the
CH2CONH2and a hot fluorine atom which reacts with
the surrounding molecules to form the radical pair.
However, the results obtained in the present study sug-
gest that the ionic process plays an important role in
the formation of the isolated CH2ZCONH2 radical as
well as the radical pair as described in our paper on the
pairwise trapping of radicals in normal hydrocarbons.T7
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Aggregates of the group | nitrates in CO2matrices have been prepared by reducing the matrix gas-to-sample

ratio to well below the value required for complete monomer isolation.

The infrared and Raman spectra of

the resulting LiNOs aggregates, through comparison with published melt spectra, clearly indicate a glassy

rather than crystalline structure.

It has further been discovered that deposition of the nitrate vapors at

—180°, in the absence of any matrix gas, permits the formation of pure glass thin films and presents the
possibility of preparation of bulk quantities of the group | nitrate glasses.

Introduction

It has recently been shown that the alkali metal
nitrates and T1NO3 can be volatilized smoothly with
very little decomposition at temperatures near their
respective melting points.1-4 Consequently, it was
possible to characterize spectroscopically the monomers
(MNO03, and, in some cases, the dimers (MNO032

The Journal of Physical Chemistry, Vol. 76, No. 18, 1972

of a number of the group | nitrates4using the familiar
methods of matrix isolation of high temperature

(1) A. Buchler and J. L. Stauffer, J. Phys. Chem., 70, 4092 (1966).
(2) C. J. Hardy and B. O. Field, J. Chem. Soc., 5130 (1963).

(3) J. P. Nalta, N. W. Schubring, and R. A. Dork, from “Thin Film
Dielectrics Symposium,” The Electrochemical Society, New York,
N. Y., 1969, p 236.
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species.6-7 For such studies it is well known that
reduction of the matrix to sample ratio below some limit-
ing value will result in the formation of aggregates of
the isolated species as evidenced by their characteristic
spectra. Thus, Pimental, et al.,s observed the forma-
tion of (HD), polymers as well as the water monomer
and dimer as the H2D concentration in an N, matrix
was varied over an appropriate range.

It was, therefore, predictable that the use of high
MNO3 to matrix gas ratios in the cocondensation of
MNO3 vapors with an inert gas would result in the
formation of (MNO3, aggregates. It has recently
been reported that the vibrational spectra of such
aggregates are very similar to the spectra of the cor-
responding melts.9 It is also known that the spectra
for the internal modes of bulk glasses, such as Ca-
(NO3)2KN 03D are insensitive to transition to the
liquid state as assumed by Angell, et al.n Thus there
is evidence that the aggregates that form in the nitrate
rich matrices are glassy in structure.

In this paper the infrared and Raman spectra for
LiNO3 KNO3 and T1NOS3 isolated and aggregated
in a C02 matrix will be presented and compared with
published spectra for the corresponding melts. Fur-
ther, the spectra of pure nitrate thin films, vapor de-
posited and sampled at —180°, will be presented as
evidence that such films are also glasses. A preparation
of the pure alkali metal nitrate glasses by thermal
quenching of tiny liquid droplets has been reported,1l
but previous attempts to prepare samples suitable for
quantitative studies have, in general, been unsuccess-
ful.

Experimental Section

The infrared and Raman (5145-2 excitation) sam-
pling techniques and instrumentation have been de-
scribed for the study of the matrix-isolated monomers
and dimers of MNO34 In the present study all de-
posits were prepared at a substrate temperature of
~ —180° and only C02was used as a matrix gas. The
nitrates were vaporized from a Pyrex glass Knudsen
cell which made precise measurement of the vaporiza-
tion temperature impossible, but also eliminated leak-
age problems encountered with the stainless steel
cells used in the earlier study. Suitable vaporization
temperatures were established by trial and error, the
choice for LiNO3and T1NO03being the highest tempera-
ture at which nitrate decomposition is insignificant
(350 and ~250°, respectively). Nitrate decom-
position was easily monitored using the intense N2i
bands near 1750 and 1260 cm-1, as N 02 diffuses and
associates in C02at —180°.

An attempt will be made in a few cases to determine
the temperature, on warming, at which significant
spectroscopic changes occur (i.e., the glass crystalliza-
tion temperature). These temperatures are presently
being carefully established using a Displex®2 closed
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cycle helium refrigeration system and will be reported
in alater paper.

Results and Discussion

Though a limited amount of data consistent with
the following discussion has been obtained for other
systems (i.e., NaN03 and RbNO03, the results for
LiNO3 KNO3 and TINO3 will be emphasized. Of
these, the LiNOs data are the most informative, pri-
marily because the nitrate ion’s internal vibrational
spectrum is considerably more sensitive to the sample
phase of the M N03when the cation is lithium. Thus,
the infrared and Raman spectra of molten LiNO3 are
sufficiently different from those of crystalline LiNO0O3
that there is no problem in identifying the matrix
aggregate spectra with the former rather than the
latter. Regardless of the system, however, discussion
will be based primarily on the W symmetric stretching
mode (~1050 cm-1) and the doubly degenerate
asymmetric stretching mode (1350 cm-1) of the
undistorted (D3 symmetry) nitrate ion. Except for
TINO3 the M mode is so weakly infrared active that
it has not been observed. The Vv2out-of-plane bending
mode is observed in all cases but is useful to the present
development only in the LiNO3case.

LiNOs. The LiNO3 infrared absorption in the wvi
and V2 region is presented in Figure 1 as a function of
the C02concentration for the low-temperature deposits
along with the molten salt \\ and v2infrared bands as
well as an indication of the solid state z0 and v2values.
In Figure 2, the WRaman curves are indicated for the
pure low-temperature deposit, the liquid and the crystal-
line LINO3 Though the j0 band has been observed
by Raman scattering for both the isolated monomer and
the aggregates of other nitrates in matrices,4 this has
not proved possible with LiN03 apparently because
of interference from the fluorescence of a small amount
of N 02in the matrix.

The nitrate W\ mode is infrared inactive in the D&
anion, but the sharp features at 1017 and 1030 cm-1
in Figure la result from activation of this mode through
the strong cation distortion of the anion in the monomer
and dimer, (Mn0324 A lower CO0Z2ratio is reflected in

(4) D. Smith, D. W. James, and J. P. Devlin, J. Chem. Phys., 54,
4437 (1971).

(5) G. C. Pimentel, D. A. Dows, and E. J. Whittle, ibid., 22, 1943
(1954).

(6) W. Weltner and J. R. Warn, ibid., 37, 292 (1962).

(7) M. J. Linevsky, ibid., 34, 587 (1961).

(8) M. Van Thiel, E. D. Becker, and G. C. Pimental, ibid., 27, 486
(1957).

(9) D. Smith and J. P. Devlin, Paper 1-1, Twenty-sixth Symposium
on Molecular Structure and Spectroscopy, Ohio State University,

June 1971.

(10) D. W. James and J. P. Devlin, unpublished work.

(11) C. A. Angell, J. Wong, and W. F. Edgell, 3. Chem. Phys., 51,
4519 (1969).

(12) A trade name for the closed-cycle helium refrigeration unit
marketed by Air Products and Chemicals, Inc., Allentown, Pa.
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Figure 1. The infrared spectra for LIiNO03 (n and r2 modes) in
different environments: (a) matrix isolated in C02; (b)
isolated-aggregated mixture in C02; (c) pure film deposited at
—180°; and (d) the molten salt at 275°. The vertical dashed
lines represent the solid state LiN 03 Mand r2 transverse

frequencies (25°).

Figure 2. Raman bands for the V, mode of LiIiNO03: (a) pure

film deposited at —180°; (b) molten salt; and
(c) crystal at 25°

Figure Ib by the broad underlying feature peaked near
1045 cm-1 as well as new sharp bands (1043 and 1054
cm-1) possibly attributable to an isolated trimer. The
precise position of the broad feature (1052 cm-1) is
more obvious for the pure deposit (Figure Ic). By
comparison, the liquid atr ™ peak is at 1053 cm*“ 113
while the crystalline Wovalue (infrared inactive) is 18
cm-1 higher. 4

The different Raman W band frequencies compare
similarly as is apparent from Figure 2. Thus the

The Journal of Physical Chemistry, Vol. 76, No. 13, 1972
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Figure 3. Infrared bands for the v3mode of LiNO03: (a)
matrix isolated in C02; (b) isolated-aggregated mixture in
CO02; (c) pure film deposited at —180°. Curve d is the Raman
band complex for the molten salt.

vi data strongly suggest that LiNO3 associates to a
glassy state at —180° with a structure similar to the
LiNO3melt. The Winfrared curves support this view
as the matrix aggregate and pure deposit frequencies
are both 823 cm-1, a value comparable to the liquid
values of 819 (atr) and 824 cm-1 (Raman),135 but
well below the crystalline values of 836 (TO) and 846
(LO). B

The foregoing interpretation
LiNO3 vz infrared curves of Figure 3. Though the
sharp isolated-species bands (Figure 3a) interfere
somewhat in Figure 3b the aggregates clearly produce
two well-defined absorption maxima at ~1350 and
1475 cm-1. These maxima agree to within 5 cm-1
with the maxima in the Raman liquid curve (Figure
3d). In the total absence of C02 the deposit has a
somewhat different infrared r3 transmission band
complex (Figure 3c). The latter fact is no doubt a
result of the strong wavelength dependence of the dielec-
tric constant (reflectivity) of LiN03in the region of the
extremely intense r3 absorption. This wavelength
dependence is reduced in significance for the glass
imbedded in a matrix for which the refractive index

is affirmed by the

(13) J. P. Devlin, P. C. Li, and G. Pollard, J. Chem. Phys., 52, 2267
(1970).

(14) R. E. Miller, R. R. Getty, K. L. Trevil, and G. E. Leroi, ibid.,
51, 1385 (1969).

(15) M. H. Brooker, A. S. Quist, and G. E. Boyd, Chem. Phys. Lett.,
9, 242 (1971).

(16) J. P. Devlin and R. P. J. Cooney, ibid., 52, 5495 (1970).
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is > 1.0, but is a dominant factor in the pure glass thin
film “transmission” spectrum. It would have been
more surprising had the v3band not appeared differently
in the two cases.

Before leaving the LiN03study, two additional fea-
tures in the vi band region are worthy of comment. It
has previously been pointed out that the Raman v,
peak for molten LiN03 (1062 cm-1) is nearly 10 cm-1
above the infrared band maximum (1053 cm-1).13
A similar but somewhat smaller difference has been
found for the glass Raman (1057 cm-1) and infrared
(1052 cm-1) peak values. Secondly, attention is
called to the rather dramatic fashion in which the
isolated monomer, dimer, trimer, etc., sharp w
features “march” up the low-frequency side of the glass
aggregate band (Figure Ib). We believe that these
two features combined suggest a model of the glass (and,
therefore, of the melt) that resembles, in some respects,
a viewr recently suggested by Irish and Brooker.T7
These authors have suggested that the nitrate ion in
the LiNO3 melt may assume two or more quite dif-
ferent environments (sites). Our data can be similarly
interpreted if one recalls that the v, infrared intensity
is determined by the extent of anion distortion. Thus,
relatively few nitrate ions, inhabiting sites in the glass
resembling those in the monomer and dimer, and, there-
fore, having a relatively large vx extinction coefficient,
could produce the wx infrared wdng that cuts off very
near the monomer frequency (—1015 cm-1) (see
Figure Ib). A significantly greater number of nitrate
ions, in more symmetric8 but nevertheless distorting
sites and thus, with a lower extinction coefficient, could
then produce the infrared maximum near 1050 cm-1.
The remaining and by far the greatest fraction of
nitrate ions, occupying sites nearly as symmetric as in
the trigonal crystal and with a vanishingly small
W extinction coefficient, dominate the in Raman scat-
tering (~1060-cm_1 peak) but contribute only weakly
to the infrared band (i.e., the scattering cross section
is less sensitive to anion distortion than is the extinction
coefficient so that the Raman band is more representa-
tive of the number of ions in a particular environment).
The Raman vxband has a weak lowr frequency shoulder
as required by this view. A continuous distribution
of nitrate ions as a function of site symmetry, ranging
from the one limit represented by the monomer (MNO03J3
and the other limit represented by the crystal, is the
essence of this viewrof the glass.

The foregoing deviates from an earlier suggestion
that the melt infrared-Raman vx peak differences are
a result of the dynamical coupling of nitrate ions in
the melt13 but does not rule out the possibility that
the V3 splitting is produced by some such coupling.9
In contrast to the case for vx the infrared intensity in
the V3region would arise largely from the high percent-
age of anions at the more symmetric sites.

KNOs. As mentioned above, it is not possible to

Infrared bands for the Vi and VBmodes of KN O3:
(a) isolated in CO2; (b) isolated-aggregated mixture in C02
Curve c is the Raman band for molten KN 03 at 360°.

Figure 4.

present a strong independent argument that KNO3
forms glassy aggregates in a nitrate rich C02 matrix
because of the relatively small shifts in the nitrate
ion internal mode frequencies that accompany the
various changes in phase. For example, a v, difference
of 15 cm-1 (1035 vs. 1050) between the KN 03 mono-
mers and crystal can be contrasted with the 54-cm-1
difference (1017 vs. 1071) for LiNO3 Nevertheless,
with the LiNO3 results as a guide an interpretation
of the corresponding KN 03data (Figure 4) in terms of
aglass structure is natural.

In the V3region the sharp side bands (1295 and 1470
cm-1 in Figure 4b) clearly correspond to the previously
reported monomer frequencies,4 wdiile the aggregate
band maxima (1360 and 1410 cm-1) fit nicely within
the broad melt Raman band (Figure 4c). Also, the
sharp wxfeature (1035 cm-1 in Figure 4b) is that of the
monomer, while the broader feature at 1048 cm-1 is
near the 1045 cm-1 melt atr value and is thus assigned
to the glass. In Figure 5 the matrix-isolated monomer
Raman band is evident at 1036 cm-1 (Figure 5a) while
the aggregate Raman band peak value (1048 cm-1)
agrees with the infrared value within experimental
error.

Perhaps more noteworthy is the similarity in half
bandwidths for the wvx melt (Figure 5b) and glass
aggregate (Figure 5a) bands, both being ~12 cm-"1
The infrared and Raman vxbands of KN 03each have
less than half the width of the corresponding LiNO3

(17) This view is referred to in ref 15 and is presented in more detail
in an article to be published by M. H. Brooker, G. Chang, A. R.
Davis, and D. E. Irish.

(18) Symmetry is given a qualitative attribute in this discussion
that it lacks in a rigorous sense.

(19) J. P. Devlin, D. W. James, and R. Freeh, J. Chem. Phys., 53,
4394 (1970).
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cm'l

Figure 5. Raman Wbands for KN 03: (a) isolated-aggregated
mixture in CO2; (b) molten salt at 360°; and (c) crystal at 25°.
Curve a was obtained at 3-cm _1 spectral slit width and a count
rate of 500/sec.

Figure 6. Infrared bands for the Wanode of TINO3: (a)
isolated in CO2; (b) isolated-aggregated mixture in C02; and
(c) pure film deposited at — 180°.

features (~27 cm-1 in Figures 1 and 2). This is
strong support of the view that the liquid v, bandwidth
and shape is determined by the distribution of nitrate
ions over sites varying from monomer-like to crystal-
like, since, as stressed above, this range is compressed
for «~o s relative to LiINO3 Further, NaNO3 is
known to have an intermediate range (1023-1069
cm-1) and the NaNO03glass and liquid 0 bandwidths
are-~17 cm-1.

TINOs. The infrared and Raman spectra for TLNO3
appear in Figures 6-8. The r3 region is describable
in the terms used for LiNO3 and KN O3 for the three
cases of isolated monomer, TINO3rich C02 matrix
and low temperature pure film deposit (Figure 6).
Sharp monomer features near 1250 and 1500 cm-1
are still obvious in Figure 6b, but an intense broad
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Figure 7. Infrared bands for the V, mode of TINO3: (a)
isolated in C02; (b) isolated-aggregated mixture in C02; (c)

pure film deposited at —180°; and (d) crystal at 25°.

Figure 8. Raman n bands for TINO3: (a) isolated-
aggregated mixture in C02; (b) pure film deposited at —180°;
and (c) molten salt at 225°. Curve a was obtained at 3-cm_1

spectral slit width and a count rate of 500/sec.

doublet developed as the T1NO3 concentration in the
matrix was increased. The maxima for this doublet
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(1310 and 1390 cm* Q) are each less than 10 cm* 1from
published melt Raman values,® supporting the notion
that T1NO3also forms glassy aggregates when deposited
at —180°. The winfrared band is markedly different
for the pure deposit (Figure 6c) with the influence of
the dielectric constant variation with wavelength the
probable cause (as discussed for LiN03.

The influence of aggregate formation on the infrared
vi band of matrix-isolated TINO3is shown in Figure 7,
but it should be noted that the aggregate band near
1040 cm-1 is close to the solid-state Raman value
(1041 cm* 1for TINO31I1) as well as the melt Raman
frequency (1036 cm*“ 1.0 Nevertheless, the reduction
of the pi half bandwidth upon annealing (from 11 to
4 cm* ), is suggestive of a glass-crystal phase transi-
tion. Further, the Raman melt vi half bandwidth
has been reported as 8 cm“ 1at 230°,D while Figure 8
shows that the aggregate and thin film Raman bands

have comparable widths (~10 cm* 1. Figure 8a also
shows, once again, the ability to observe the monomer
pi mode (1022 cm* ) in the Raman spectra of matrix
isolated group | nitrates, as well as the relative in-
fluence of nitrate ion site symmetry on the n infrared
and Raman intensities (i.e., the badly distorted mono-
mer nitrate infrared band dominates Figure 7b whereas
the nitrates in the glassy aggregates, being more
numerous, dominate the Raman curve (Figure 8a).
It may be significant that the T1NO3glass n band is
higher in frequency than for the melt (Figure 8)
whereas the reverse is apparently the case for LiNO3
(Figure 2) and there is no detectable difference in the
band positions for the two phases of KN 03(Figure 5).
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The distribution of symmetric Cd-C| stretching frequencies in molten CdCIl2 and molten mixtures of CdCIl2

with LiCl, KC1, and CsCIl has been studied by means of laser-Raman spectroscopy.
are made with spectra of related crystalline compounds.
Spectra of the pure molten cadmium halides are explained in terms of

molten mixtures of CdBr2with KBr.

a fluctuating local structure based on octahedral coordination of Cd2+.
each case results in the eventual replacement of octahedral by tetrahedral Cd2+ coordination sites.
influences of different alkali metal cations are discussed in the light of current theories.

Detailed comparisons
Limited studies were made for molten CdBr2and

Addition of alkali metal halides in
Specific
Bandwidth measure-

ments indicate that CdC V “ has kinetic identity in molten alkali metal chloride solutions.

Introduction

Few molten salt systems have aroused such contro-
versy regarding their structure as the cadmium halides
and their binary mixtures with alkali metal halides.
Complex ions such as CdCI3‘, CdCl£&*, and CdClé&A
have all been separately proposed® 4 as being formed
in the mixtures. On the basis of calorimetric studies,
Bredig has argued strongly in favor of the stability
of tetrahedral CdCh2* and has concluded2that in such
binary systems this species should be expected to
predominate even to the exclusion of all other com-
plexes. A number of Raman spectral investigations

have been reported146 for pure molten cadmium chlo-
ride and the system CdCI2KCI, but the data and in-
terpretation have often been of questionable reliability
and it is not surprising that conflicting conclusions
were obtained. As pointed out recently,5 the under-

(1) W. Bues, Z. Anorg. Allg. Chem., 279 (1955).

(2) M. A. Bredig in “Molten Salts,” G. Mamantov, Ed., Marcel
Dekker, New York, N. Y., 1969.

(3) H. Bloom, Pure Appl. Chem., 7, 398 (1963).

(4) M. Tanaka, K. Balasubramanyam, and J. O’'M. Bockris, Elec-
trochim. Acta, 8, 261 (1963).

(5) V. A. Maroni and E. J. Hathaway, ibid., 15, 1837 (1970).
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lying problem has been that there is not sufficient
detail in the Raman spectra to permit a reliable struc-
tural analysis by applying the usual group theoretical
selection rules.

In this investigation special attention has been
afforded to the frequency distribution and intensity
of symmetric Cd-Cl stretching modes in the Raman
spectra. Extensive comparisons have been made with
the spectra of crystalline cadmium chloro complexes of
known structure, and studies of molten binary mix-
tures have been extended to the general system CdX2
AX (A = Li, K, Cs). In this way a clearer under-
standing has been achieved of the nature of the liquid
structures and the specific influence of alkali metal
cations. Additional studies were made for molten
cadmium bromide and its mixtures with potassium
bromide. The kinetic stability of cadmium chloro
complexes also is discussed in the light of the tempera-
ture dependence of Raman bandwidths.

Experimental Section

A sectional diagram of the furnace and Raman
cell is shown in Figure 1. The furnace is supported by
a stainless steel tripod, the feet of which are located in a
brass cooling plate on the spectrometer. The laser
beam enters through the furnace base plate, and the
light scattered at right angles is observed through
ports in the walls of the furnace. The heating element
consists of nichrome wire wound on a pyrophyllite
former. Power dissipation in the upper portion of
the furnace is regulated by a rheostat to reduce temper-
ature differences. To eliminate temperature gradients
over the length of the sample a stainless-steel block
is incorporated in the lower half of the furnace. De-
sign is such that no thermal radiation from the furnace
enters the aperture of the spectrometer. Spectra
have been obtained with good signal-to-noise ratios at
temperatures up to 1000°. A control thermocouple
passes through the furnace wall, the pyrophyllite former,
and the steel liner to make contact with the Raman cell.
The temperature of a sample is constant to £4°.

The sample tubes are similar to those described
previously.6 The important features of the design
are that samples can be prepared and/or purified
in situ immediately prior to an experiment and that
only small samples (0.5 ml) are required. The cell is
closed at the top by means of a ground-glass cone
arrangement which may be connected either to a dry
nitrogen supply or a vacuum fine. The same connec-
tions are available at the side arm of the cell. Mixing
of the samples was achieved prior to filtration by bub-
bling dry nitrogen up through the sintered disk.

Anhydrous cadmium chloride was prepared from
the hydrated “Analar” grade reagent by treatment
with refluxing thionyl chloride.7 Anhydrous cadmium
bromide was prepared from the hydrated salt by
heating to 600° while flushing continuously with dry
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Figure 1. Sectional diagram of the sample furnace: 1,
pyrophyllite former; 2, Fyberfax insulation; 3, thermocouple
position; 4, steel liner; 5, entrance for laser beam; 6, optical
flat; 7, Pyrex windows; 8, pyrophyllite cone; 9, sintered disk;
10, Raman cell.

hydrogen bromide. Alkali metal halides were dried
in vacuo at 360° for 24 hr. All the solid compounds
of cadmium chloride with alkali metal chlorides were
prepared by cooling melts of the required composition.
The compound NHjCdCh was prepared as described
in the literature.8

All melts were clear and stable. Spectra were ob-
tained using a Spex 1401 double monochromator with
instrumental resolution chosen between 0.5 and 2.0
cm-1. The 514.5-nm line of an argon ion laser (Spec-
tra-Physics Model 140) was used to excite spectra of
the chloride melts. For the bromide mixtures (red
to yellow colors), the 647.1-nm line of an argon-kryp-
ton ion laser (Coherent Radiation Model 52MG) was
employed.

Results and Discussion

The Raman spectrum of liquid CdCI22CsCl is shown
in Figure 2. This spectrum is typical in general form
of all spectra obtained in this study.

Two particular regions of Raman scattering can be
distinguished, associated with Cd-Cl stretching modes
(200-270 cm-1) and CI-Cd-Cl deformation modes
(70-120 cm-1). The latter mentioned modes appear
as depolarized bands in the Raman spectrum. How-
ever, since they are comparatively ill-defined we shall
discuss them no further. Raman bands in the region
200-270 cm-1 are all highly polarized (p values of
0.05-0.10) indicating that the stretching vibrations
are symmetric in character. Although we also expect

(6) J. H. R. Clarke, C. Solomons, and K. Balasubramanyam, Rev.
Sci. Instrum., 38, 655 (1967).

(7) D. M. Adams, J. Chatt, J. M. Davidson, and J. Gerratt, J.
Chem. Soc., 2189 (1963).

(8) H.Brasseur and L. Pauling, J. Amer. Chem. Soc., 60, 2886 (1938).
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Frequency cm-1

Figure 2. Raman spectrum of molten CdCI»-2CsCl at 520°
showing (A) polarized and (B) depolarized components.
Spectral noise was so low as not to be reproducible.

some asymmetric stretching modes to appear9 in the
spectrum (as depolarized bands), these could never be
distinguished, presumably because they are very weak
and/or very broad.

The assumption in the following discussion is that
the frequency distribution of intensity in the Cd CI
stretching bands can be used as a fingerprint of the
instantaneous distribution of Cd2+ coordination sites.
The question as to whether or not any of these sites
can be identified as a kinetically stable species will be
considered separately. The advantage of studying
symmetric stretching modes is that generally the vibra-
tion frequency shows a direct correlation with the
coordination number and the extent of charge neu-
tralization on the metal ion. This approach can be
criticized® as not recognizing implicitly the coupling
between vibrational modes in a dense medium, i.e.,
the “collective” nature of vibrations. However, at
present there is no adequate general treatment re-
lating the phonon distribution in molten salts to
structural properties. Also, it is generally true that
symmetric vibrations are the least sensitive to coupling
effects so that vibration frequencies can be related to a
good approximation to local structural properties. It
will be seen that this conclusion finds confirmation in,
for instance, the invariance of band frequency with
composition for moderately dilute solutions of cadmium
chloride in different molten alkali metal chlorides.

Profiles of the Cd-Cl and Cd-Br stretching bands for
the pure liquid cadmium halides and for various mix-
tures with alkali metal halides are collected together
in Figures 3 and 4.

Spectra of Crystalline Compounds. Before consider-
ing the spectra of the molten samples it is useful to
discuss spectra characteristic of crystalline cadmium
chloro complexes of known structure. These data are
summarized in Table I.

Firstly, we consider the spectrum of crystalline
CdCl2 which has the well-known layer structure,1l
containing octahedrally coordinated Cd2+ and in
which all the chlorides are triply coordinated. For
the polycrystalline sample, only one band is observed
in the region of the Cd-CI stretching vibrations—at
235 cm-1 (25°)—and this feature is assigned to the

1833

Figure 3. Raman spectrum of molten CdCl2in the Cd-ClI
stretching region corrected to a horizontal baseline: (1)
600°, (2) 800°, (3) 900°. The vertical arrows indicate the
CdCl stretching frequencies at 580°, for the crystalline
compounds (A) CdCh, (B) ICCdCle, and (C) NH4CdCI3
(D) indicates the symmetric stretch frequency reported1sfor
molecular CdCl2dissolved in TBP at 25°.

300 200 300 200

Figure 4. Raman spectra of selected melts in the Cd-ClI
stretching region corrected to a horizontal base line: Al,
CdCk-LiCl at 640°; A2, CdCk-2LiCl at 700°; A3, CdCI25LiClI
at 700°; BI, CdCI2CsCl at 580°; B2, CdCI22CsCl at 600°;
B3, CdCI25CsCI at 588°; C, CdBr2 (1) at 585°, (2) at

730° (3) at 810°.

symmetric “breathing” mode of six CI- ions around
each Cd2+ {A®, symmetry for the factor group D3).1R
This vibration frequency is very similar in magnitude
to that of the terminal Cd-Cl (symmetric) stretching
vibration at 229 cm-1 in K4ACdCIl6which contains dis-
crete CdCI6&4~ units.l This surprising result is ex-
plained by assuming that the influence of the sharing
of chloride ions in CdCl2and the neutralization of the
positive charge on Cd2+ in CdCh- are approximately
equivalent.

There are a number of crystalline compounds of
general formulas ACdCI3 and AZCdCLt, and the struc-
tures are all based on octahedral coordination of
Cd2+. In CsCdCI3B and NMe4CdCI34 there are

(9) J. H. R. Clarke and R. E. Hester, J. Chem Phys., 50, 3106
(1969).

(10) C.A. Angell, J. Wong, and W. F. Edgell, ibid.,, 51,4519 (1969).
(11) A. F. Wells, “Structural Inorganic Chemistry,” Oxford Uni-
versity Press, London, 1962.

(12) D. J. Lockwood and J. H. Christie, Chem Phys. Lett., 9, 559
(1971).

(13) S. Siegel and E. Gerbert, Acta Crystallogr., 17, 790 (1964).

(14) D. M. Adams and D. C. Newton, J. Chem Soc. A, 3499 (1971).
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Table I:

Structure

Crystalline (references as
compound in text)
CdCls Layer structure5
K4cdcClé CdClI64- units5
CsCdCh Perovskite structure’
CssCdCl, KNiF4structure'
NH4CdCI3 Two linked chains'lof
CdCk octahedra
NMe4CdClI3 Single chains of CdCU

octahedra®

° Except as indicated all frequency values are from this work.

chains of (CdCI3~), units, and all the chlorides are
doubly coordinated. For each of these compounds
a single symmetric Cd-Cl stretching vibration is ob-
served, at 251 cm-1 for NMe4ACdCI34 and 250 cm-1
for CsCdCI3 By comparison with CdCI2 these fre-
quencies are remarkably high and may reflect weak
interaction forces between cations and the (CdCI3~),
chains. 4 Crystalline NHACACI3 has a more com-
plicated structure8 derived from the CdCl2layer struc-
ture. It contains both doubly and triply coordinated
Cl- as well as terminal Cd-Cl bonds. The overall
structure is that of two linked chains of CdCU octa-
hedra sharing edges. The Raman spectrum was
determined at 25°, and there are two intense bands
assigned to Cd-Cl stretching vibrations (244 and
219 cm-1). On the basis of recent single crystal stud-
ies} these bands are assigned, respectively, to (sym-
metric) stretching modes involving mainly terminal
and doubly coordinated chlorides. We note that the
decrease of the characteristic stretching frequency
involving terminal Cd-Cl bonds in passing from
NH.jCdCI3 (244 cm-1) to K4CdCI6 (229 cm-1) appears
to reflect an increasing degree of charge neutraliza-
tion on the cadmium ion. We can define a range from
219 to about 250 cm-1 at 25° over which frequencies
associated with multiply coordinated chlorides can
occur. It is not possible to be more specific since the
forms of the normal modes are unknown and probably
are very complicated (e.g., the unit cell of NHACdCI3
contains four formula units). In addition we have not
taken account of the influence of the cations in the
crystal lattices.

The peak frequencies discussed above decrease
monotonically with increasing temperature up to the
melting or decomposition points of the crystalline
compounds. These decreases are associated with
corresponding increases in the lattice dimensions.
It is possible from these trends to estimate the fre-
quencies that would be characteristic of the various
(crystalline) structures at 580°, which is just above
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Raman Spectral Data for Compounds Containing CdC16Octahedra“

(Symmetric) Cd-Cl

-----stretching frequencies, cm -1-----' Coordination

At 580° of chloride
At 25° (extrapolated) ions
235 229 Triply shared
229 222 Terminal
250 244 Doubly shared
251 244 Terminal
231 225 Doubly shared
244 (244)® 238 Terminal
219 (222)® 213 Doubly shared
Not observed® Triply shared
251® Doubly shared

' Reference 13. dReference 8. ®Reference 14.

the melting point of cadmium chloride. These values
are listed in Table I and are indicated in Figure 3.
It is evident that they correspond to the central part
of the Cd-CI stretching band in molten cadmium chlo-
ride. It is worth noting that band half-widths for the
crystals are very temperature sensitive. At 510°, the
230-cm_1 band of CdCI> has a full width at half-height
of 32 cm-1 which is 28% of the value for the liquid
state band.

Molten Cadmium Chloride. The broad Raman scat-
tering, peaked at 215 cm-1 (Figure 3), was assigned
by Buesl to remnants of the layer lattice in the melt.
However, if we are to accept an explanation in terms
of a polymeric structure, it must be recognized to be
very different from that existing in, for instance, molten
zinc chloride. Whereas the latter shows all the ex-
pected macroscopic properties of a polymeric meltb
(e.g., high viscosity and low conductivity), the macro-
scopic properties of molten cadmium chloride are similar
in value to those observed for simple ionic melts.5

The spectra in Figure 3 show that the Cd-ClI stretch-
ing band of molten cadmium chloride has a complex
shape which changes with temperature. It is our
conclusion that a number of different coordination
sites of Cd2+ are represented in the band contour.
Band contour analysis was not considered to be a useful
procedure for molten cadmium chloride. There are
no sharp peaks with which to fix component frequencies
and the results obtained are artificial. However, a
brief description will be given of a melt structure which
is consistent with our observations and which recog-
nizes the dynamic aspect of liquid structure. The
model is based on essentially octahedral coordination2
sites for Cd2+. It is clear from comparison with the
solid state that chloride ions readily coordinate with
two or three adjacent cadmium ions so that it is not
surprising to find a large intensity of scattering in the

(15) G. J. Janz, “Molten Salts Handbook,” Academic Press, New
York, N. Y., 1967.
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region 213-244 cm-1. Substantial intensity for the
melt at 580° occurs at frequencies somewhat lower
than this range. However, the volume increase upon
fusion may result in a further decrease of the character-
istic frequencies of octahedrally coordinated Cd2+.

Owing to liquid disorder we do not expect Cd2+
necessarily to be found in symmetric environments
so that there will be a range of Cd-CIl bond distances.
Also, chloride ions will not necessarily be shared equally
with surrounding Cd2+ ions as they are in the solid.
Hence the effective coordination number will vary
from one Cd2+ to another as will the extent of charge
neutralization. Consequently we expect a range of
Cd-Cl vibration frequencies. High vibration fre-
guencies in the spectra are associated with terminal
Cd-Cl bonds involving Cd2+ with low net coordina-
tion numbers and low charge neutralization. The lim-
iting distortion from octahedral coordination might be
written, formally, asCd-Cl+. However it is not implied
that Cd-Cl+ or indeed any of these local coordination
sites is a distinct species. The distribution of bonding
interactions of a particular cadmium ion with sur-
rounding chlorides may change quite rapidly, according
to the structural relaxation time of the liquid, although
this time will be long compared with the time for a
vibration. The shift of intensity to higher frequencies
with increasing temperature indicates that lower net
coordination numbers are formed at the expense of
bridging interactions.

Molten Cadmium Bromide. The temperature effects
observed for spectra of molten cadmium bromide were
similar to those of the chloride (Figure 4). However,
the high-frequency wing of the Cd-Br stretching band
is more pronounced than in the case of the chloride, in-
dicating that lower net coordination numbers are more
stable. This may be explained by assuming that co-
ordination with the more polarizable bromide ion leads
to more effective charge neutralization on Cd2+. In-
deed, this was found to be the case for cadmium bro-
mide dissolved in molten sodium-potassium nitrate.6

Molten CdCk-ACI and CdBr~-ABr Mixtures. The
effect of adding alkali metal chloride to molten cad-
mium chloride is eventually to replace the broad com-
plex Raman band in each case with a comparatively
well-defined band at 255 + 5cm-1 (Figure 4). Follow-
ing the remarks made in the preceding discussion it
might at first seem possible to attribute this feature
to octahedrally coordinated Cd2+. However, de-
tailed considerations do not support this explanation.
For instance, at melt temperatures (>600°) the pre-
dicted range of Cd-Cl stretching frequencies charac-
teristic of octahedral coordination (213-244 cm-1) is
significantly lower than the limiting peak frequencies
for the molten CdCI2ACI mixtures (Figure 5).

Comparisons with studies of cadmium chloro com-
plexes in molten sodium-potassium nitrate’6 and in
other solventsT suggest that the 255-cm_l band is

Figure 5. The dependence of the Cd-ClI stretching frequency
on the ratio CI-Cd2+ for a series of molten mixtures. The
accuracy of each frequency measurement is indicated by the
vertical error bars.

characteristic of either CdCI3* or CdCl4~. In an
attempt to resolve this situation, integrated intensities
of the 255-cm_1 band were measured as a function of
R (the chloride-to-cadmium ratio) for a series of CdCI2
CsCl mixtures. Each contained 8 mol % of dissolved
cesium sulfate and the 981-cm_1 band (n of S042-)
was used as an internal intensity standard.® The
intensity per mole of Cd2+ increased to a maximum
limiting value at R = 4 indicating that the band is
due to CdCl4* and that no further chloride ions be-
come coordinated. Similar results were obtained for
CdBr2KBr mixtures. It is interesting that using
sodium-potassium nitrate as a solvent,5 Raman
spectral studies indicate that while CdBr4_ is again
readily formed, the highest stable chloro complex in
this caseisCdCI3~.

Further insight regarding the changes in coordina-
tion accompanying the addition of alkali metal chlo-
ride is obtained from the trends in peak frequency and
band shape with changing melt composition (Figure
5). When either CsCl or KC1 is added to molten
CdCl2 the bandwidth decreases very rapidly and be-
comes symmetric, and the peak frequency increases
to a maximum value at R = 3. When R is increased
from 3 to 4, this band decreases in intensity and is
replaced by a new band of similar shape with a peak
frequency ~5 cm-1 lower. At R = 3.5 the peak
frequency is intermediate in value, and the band is a
simple superposition of those observed for R = 3
and R = 4. When R is increased above 4, there is no
further change in either peak frequency or half-width,
and this is confirmatory evidence that the final coordi-
nation is CdCl4~ (probably tetrahedral). However,
the maximum in peak frequency observed at R = 3 is
entirely unexpected if we merely assume a simple
equilibrium between octahedral and tetrahedral coordi-
nation sites. The indication is that a different coordi-
nation site exists over a narrow composition change

(16) J. H. R. Clarke, P. J. Hartley, and Y. Kuroda, Inmg. Chem,
11, 29 (1972).
(17) J. E. Davies and D. A. Long, J. Chem Soc. A, 2054 (1968).
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at 72 ~ 3. The higher Cd-Cl stretching frequency
is associated with less neutralization of the charge on
Cd2+ than in CdCl4&~. The structural unit involved
may be CdCI3~ or else CdCI2&- with two chlorides
shared with neighboring cadmium ions.

The rapid changes in the distribution of Cd-ClI
stretching vibrations caused by the addition of cesium
or potassium chloride do not occur on the addition of
lithium chloride. In this case, at 72 = 3 the band is
asymmetric to lower frequencies. The residual scat-
tering in the 220-cm~1region is ascribed to retention of
octahedral coordination sites. The peak frequency
does not achieve a constant value of 250 cm-1 until
72 = 4. At this point the band is symmetric, as would
be expected for a structure based on a single coordina-
tion geometry of Cd2+ The band shows no further
change in characteristics as 72 is further increased
(Figures 4 and 5), and it is assigned, as before, to Cd-
Cl&2-. This conclusion is at variance with the inter-
pretation of calorimetric measurementsB on molten
systems of the type CdCI2ACI (A = Cs+ or Li+).
The enthalpy interaction parameter, XM shows a
minimum value at 33 mol % CdClI2for the system Cd-
Cl2CsCl indicating stabilization of CdCI£&-. A simi-
lar effect was not observed for the system CdCI2LiCl
which was taken to indicate that CdCl4~ was not
formed in this system. However, a shallow minimum
may have been obscured by the errors inherentl in
these measurements. Also the interpretation of calori-
metric results is less convincing for mixtures with LiCl,
in which entropy effects probably are important.2

The average stretching frequency associated with
tetrahedral coordination sites decreases regularly along
the series Cs+ > K+ > Na+ > Li+. This trend can
be understood as due to a corresponding increase in the
polarizing power of the surrounding alkali metal cat-
ions and a consequent reduction in the Cd-Cl force
constant. This “shell” of cations will not generally
be symmetrically disposed about CdCI4£- and fluctua-
tions of the associated electric field will be greater for
the lighter more polarizing cations. This accounts in
general terms for the increase in bandwidth along the
series Cs+ < K+ < Na+ < Li+.

If our interpretation is correct, then the reluctance
of cadmium to take up tetrahedral coordination on the
addition of lithium chloride is some confirmation of
the theories put forward by Lumsden®and by Bredig2
that in molten mixtures of the type MC12AC1 octa-
hedral coordination sites are stabilized when A = Li,
whereas tetrahedral coordination is more readily formed
when A = K or Cs. This effect has been reported2l
extensively for the coordination of Ni2+ in chloride
media. However, it should be emphasized that there
is no evidence that cadmium can be induced to take up
octahedral coordination for relatively dilute solutions
in molten lithium chloride, as has been shown?2l to
occur for Ni2+ The liquidus curve for the system
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CdCI2LiClI is rather flat over the whole composition
range2 giving the appearance that there is solid solu-
tion formation in the system. It has been suggested2
that such mixing of the two octahedral structures in
the solid state would imply stabilization of octahedral
coordination in the liquid state. However, not only is
extensive solid solution formation in this system un-
likely2 on the basis of the widely different ionic radii
of Cd2+ and Li+ (respectively, 0.97 and 0.60 A), but
also our spectral measurements of solidified melt sam-
ples indicate that, in reality, there is compound for-
mation in this system. It is seen from Table Il that
over a wide composition range the spectra can be ex-
plained in terms of the formation of a single compound,
LiZCdCl4 at 25°. (The presence of lithium chloride
is not evident since it has no first-order Raman spec-
trum.) The spectrum of LiZZdCl4is similar to that of
CsCdCla, and the two compounds may have similar
structures (based on infinite chains of CdCI3~ units).
At high temperatures the predicted frequency range of
octahedrally coordinated Cd2+ in the lithium salt, as
before, is considerably lower than the limiting peak
frequency observed for the liquid mixtures. It is
difficult to avoid the conclusion that the liquid state
band arises from CdCI142-

Table 11: Raman Spectra of Solidified Melt
Samples in the System CdCh-LiCI*

Mol %

CdCh e Raman peaks (cm-1) at 25°---------m-mmmmomommmeaen *
100 235(10) 132 (8)

85 235 (10) 132 (8) ...

50 249 (4, sh) 236 (10) 149 (3, sh) 132 (8) 98 (3)
66.6 249 (10) 150(6) 97 (6)
20 251 (10) 153 (6) 98 (5)

CsCdCI3  250(10) 131 (4) 117 (4) 70 (2)

“sh = shoulder.
given in parentheses.

Relative intensities for each spectrum are

In conclusion, it appears that octahedral coordina-
tion of Cd2+ is a property of the crystalline state and
only those molten mixtures very rich in cadmium. It

(18) G. N. Papatheodorou and O. J. Kleppa, Inorg. Chem, 10, 872
(1971).

(19) G. N. Papatheodorou and O. J. Kleppa, J. Inorg. Nucl. Chem,
32, 889 (1970).

(20) J. Lumsden, “Thermodynamics of Molten Salt Mixtures,”
Academic Press, New York, N. Y., 1966.

(21) G. P. Smith, J. Brynestad, C. R. Boston, and W. E. Smith,
in “Molten Salts,” G. Mamantov, Ed., Marcel Dekker, New York,
N. Y, 1969.

(22) (a) A. Ferrari and A. Baroni, Atti Acad. Naz. Lincei, Cl. Sci.
Fis., Mat. Natur., Rend., 7, 1040 (1929); (b) E. P. Dergunov, DokKl.
Akad. Nauk SSSR, 64, 517 (1949).

(23) M. A. Bredig, private communication.

(24) R. C. Evans, “An Introduction to Crystal Chemistry,” Cam-
bridge University Press, New York, N. Y., 1964.
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is interesting to compare these results with the exact
opposite trend observed9 for the coordination of In3+
in INCI3ACI mixtures (A = Cs, K, or Li). In this
case the presence of Li+ favors decomposition of
INCU3- to InCl4 but the less polarizing Cs+, for in-
stance, stabilizes the octahedral complex.

Changes in the shape and frequency of the Cd-Br
stretching band on the addition of KBr to CdBr2show
very similar trends to those observed for the CdCl2
KC1 system. The limiting frequency, 161 cm-1, is
close to that assigned previously to CdBr4£- in molten
sodium-potassium nitrate. The transition from
octahedral to tetrahedral coordination is not smooth,
however, since a maximum peak frequency (165 cm-1)
occurs at R = 3. Once again this indicates the inter-
mediate formation either of CdBr3~, or (CdBr3-)2 with
tetrahedral coordination of Cd2+.

Bandividth Measurements. Concern has been ex-
pressed as to the Kkinetic stability of complexes such as
CdCh2- in molten salts.® In pure chloride media
there is indeed the possibility of facile chemical ex-
change reactions with surrounding chloride ions. Any
such exchange reaction should contribute to the Raman
bandwidth for the CdCh2~ stretching vibration.
However, most of the broadening of this band can be
attributed to the effects of dynamic disorder. This
is evident from the fact that the full width at half-
height (half-width) for CdCl£&2- in molten CdCl2
CsClI, for example, is little different in value (43 cm“ )
from that observed® for CdCh- in molten sodium-
potassium nitrate (40 cm-1). Both chloride and bro-
mide complexes of cadmium have very high thermo-
dynamic stability in the latter solvent,’6 so there is
no doubt that they are also kinetically stable.

We can investigate any chemical exchange contribu-
tion from the temperature dependence of bandwidths
since the diffusion coefficient of CI- in CdCI2CsClI
mixtures increasess by about 50% over the tempera-
ture range 500 to 700°. An estimate of the half-width
contribution (W) from diffusion-controlled ligand ex-
change can be obtained at various temperatures by
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Tzmperature °C

Figure 6. The temperature dependence of the full width at
half-height for symmetric stretching bands of CdCh2- and
S04&-. The calculated temperature dependence, assuming
diffusion-limited ligand exchange, is shown as a dashed line.

substituting® the apparent activation energies® for
diffusion (AE) in the expression IT = h/KT exp(AE/
RT). The predicted temperature dependence of IT is
shown in Figure 6 along with the observed changes in
half-width for CdCI4£- in CdCI24CsCl. It is seen
that the variation in half-width for CdCI4- does not
approach the behavior expected for a diffusion-limited
lifetime. In fact the variation is little greater than
that observed for the symmetric stretch vibration of
S04&- (the half-width of m(S04-) in the (Li,Na,K)2
S04eutectic at 540° is 29 cm-1). Since the instrumen-
tal resolution was limited to 0.5 cm-1, the precise ki-
netic stability of CdCI£&- could not be determined.
However, the measurements suggest that the lifetime of
CdCl4£- is longer than the relaxation times associated
with diffusional motions.
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The evolution of the structure of a-Cr2 3from chromium hydroxide has been followed using X-ray diffraction,

radial electron density distribution, differential thermal analysis, and ir spectroscopic techniques.
rial obtained by drying in air at 25° contains crystalline Cr(OH)3.

The mate-
At and above drying temperature of 60°,

the gel passes through many amorphous phases, crystallization of the corundum phase occurring at 390°.
Both radial distribution and ir spectroscopy reveal that there are regions in all the amorphous phases wherein

the “short-range structure” is similar to that in HCr02

The crystallite size, lattice strain, and crystalline

fraction of the various crystalline phases have also been analyzed and are reported.

Introduction

Chromia gel, either alone or supported on alumina or
silica, is used to catalyze a wide variety of reactions.1-3
Some fairly detailed information is now available on the
adsorption and catalytic properties of this material.
The same cannot be said, however, about the structural
features. This is especially true of the amorphous
precursors to a-CrD3 When Cr(HD)E+ ions are
neutralized, the hydrogel obtained is usually amorphous
or poorly crystalline, though a crystalline material
has been reported.4 When the resulting material is
heated in air, the amorphous material is converted
into microcrystalline a-Cr0 3 around 400°. Though
the structure of a-Cr 3is well known,6 the evolution
of its structure from the starting material is not known
in detail. This is due to the inadequecy of the con-
ventional X-ray diffraction techniques for the study
of amorphous solids. In the present report, X-ray
scattering techniques6 yielding information on the
radial distribution of electron density have been utilized
to elucidate the short-range structure. It may be
mentioned that this technique is especially suited for
the study of amorphous material. Additional in-
formation is also being provided from the X-ray dif-
fraction, DTA, and ir spectra of the gels. From all
these data, a coherent picture of the structural evolu-
tion of chromia is provided.

Experimental Section

Materials. Sample A was prepared7by the addition
of 0.1 M chromium nitrate to 0.25 M ammonia until a
pH of 10.5 was reached. The gel obtained was allowed
to settle. It was separated by centrifugation and
then washed twice with distilled water, three times with
acetone, slurried with diethyl ether, and again separated
by centrifugation. It was dried for 24 hr at room
temperature in air. Samples B, C, D, E, F, and G were
obtained from sample A by heating in an air oven
for 24 hr at 60, 110, 240, 400, 500, and 900°, respec-
tively.
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Apparatus. The X-ray diffractograms were ob-
tained using a Philips diffractometer (Cu Ka radia-
tion). The X-ray scattering technique used in the
radial electron distribution has already been described
in detail.6 The ir spectra were taken with a Beckman
IR 12 double beam grating spectrophotometer. The
setting of the instrument was: slit 2X standard slit;
gain 5.0%; period 2 sec; scanning speed 80 cm-1/
sec, the spectral slit width was 0.8 mm at 2800 cm-1
and the spectral resolution was of the order of 2 cm-1.
Films of the gel in KBr (1% by wt) were prepared by
pressing the mixture at 500 kg/cm2 The ir spectrum
was scanned in the region 400-4000 cm-1. For the
DTA measurements a Netzsch Model 406 apparatus
was used. a-AlD 3 was used as the standard for the
DTA measurements. A linear heating rate of 12°/
min was used.

Results

X-Ray Diffraction. The powder diffractograms of
samples A to G are shown in Figure 1. The sin26values
and the corresponding hkl indices of the planes for
samples E, F, and G were calculated from the spectra
of Figure 1and are given in Table I.

Samples B, C, and D are completely amorphous
to X-rays as may be seen from Figure L Sample A was
indexed using an orthorhombic system of lattice.
Samples E, F, and G belong to the hexagonal system

(1) R. L. Burwell, Jr., G. L. Haller, K. C. Taylor, and J. F. Read,
Advan. Catal., 20, 1 (1969).

(2) H. S. Taylor and L. M. Yeddanapalli, Bull. Soc. Chim. Belg.,
47, 162 (1938).

(3) P. Ratnasamy, V. Krishnasamy, and L. M. Yeddanapalli,
Indian J. Chem., 9, 131 (1971).

(4) W. O. Milligan, J. Phys. Colloid Chem., 55, 497 (1951).

(5) (a) L. Pauling and S. B. Hendricks, J. Amer. Chem. Soc., 47,
781 (1925); (b) R. E. Newnham and Y. M. de Haan, Z. Kristallogr.,
117, 235 (1962).

(6) P. Ratnasamy and A. J. Léonard, Catal. Rev., 6 (2), 293 (1972).

(7) F. S. Baker, J. D. Carruthers, R. E. Day, K. S. W. Sing, and
L. J. Stryker, paper presented at the Faraday Society discussions,
Brunei University, 1971.
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Figure 1. X-ray diffractograms of samples A-G. The
numbers 1 through 7 refer to samples A to G; Cu Ka radiation.

Table 1 : X-Ray Diffraction Results for Samples E, F, and G
sin2 E F G

Hd Scaled sin2 Oobsd sin20obsd sin2 Sobsd
102 0.0452 0.0458 (55)° 0.0458(52) 0.0457 (68)
104 0.0839 0.0845(76) 0.0845(92) 0.0840(100)
110 0.0970 0.0981(96) 0.0981(88) 0.0979(92)
006 0.1161 0.1165(7)
113 0.1259 0.1267(36) 0.1273(38) 0.1261(34)
201 0.1330 0.1367(33)
204 0.1808 0.1833(11) 0.1826(25) 0.1813 (34)
116 0.2129 0.2153(100) 0.2146(100) 0.2132(78)
108 0.2385 0.2358(12)
109 0.2933 0.2934(34)
214 0.2776 0.2792(18) 0.2777(28)
300 0.2907 0.2903(30) 0.2903(37)
119 0.3579 0.3580(10) 0.3555(17)

“ The values in parentheses refer to relative intensity values.

of axes and space group D36 The observed sin2 6
values are seen (Table 1) to agree well with those
calculated. A Fortran IV program utilizing a numer-
ical solution for the multiple regression analysis was
used for calculating the unit cell parameters. These
values are given in Table Il. The standard deviations
as well as the von Neumann ratios8 are also given
therein.

Hall9 has derived a general relationship between the
broadening of the lines in the X-ray diagram and the
major factors causing it, namely crystallite size D and
lattice strain, j

T KX .
Bcos6=—+ psind

In the equation, B is the integral breadth of the line at
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Table Il : Unit Cell Parameters for Samples E, F, and G

von

Neu-
Sam- Space mann
ple group a, A C, A ratio
E Al 4.912 + 0.003 13.555 £0.002 2.223
F Al 4.947 £ 0.003 13.583 + 0.002 2.29
G Al 4.942 = 0.002 13.644 =+ 0.002 1.70

a diffraction angle 6, Xis the wavelength of the radiation
(1.5418 A in our case), and k is a shape factor (taken
as unity). The crystallite size and the lattice strain
were estimated from the plot of B cos d against sin 6
for seven lines in the case of sample A. The corre-
sponding numbers for samples E, F, and G are 2, 6,
and 8, respectively. The values are given in Table
I1l. The value for sample E is less accurate than
those of others. The lattice strain values have been
normalized to that of sample G. Thus, there is 4%
more lattice strain in sample F compared to sample G.
The corresponding value for sample E is 20%. The
crystalline fractions in samples E, F, and G were esti-
mated from the variation in the total integrated in-
tensity values of the 104, 116, and 110 lines. The
values have been normalized with respect to that of
sample G.

Table I11: Crystallite Size, Lattice Strain, and Crystalline
Fraction from X-Ray Line Broadening

Crystal-
lite sjze, Lattice Fraction
Sample A strain® crystalline®
A 590 db 30
E 159 + 50 1.20 0.35
F 233+ 35 1.04 0.47
G 505 + 20 1.0 1.0

“ In arbitrary relative units.

Sample A was obtained by drying in air, at room
temperature, the gel got by precipitation. A similar
crystalline material has also been reported by Milli-
gan.4 The X-ray pattern was found to be4 similar to
that of alumina bayerite with about 4% linear expansion
of the lattice spacings. Bayerite also belongs to the
orthorhombic system®D with unit cell parameters of
4.713, 8.674, and 5.061 A, respectively. The structural
features of our sample A fitted very well that of chro-
mium trihydroxide, Cr(OH)3 listed in ASTM files.11

(8) D. K. Faddev and V. N. Faddeva, “Computational Methods in
Linear Algebra,” W. H. Freeman, San Francisco, Calif., 1963.

(9) W. K. Hall, Proc. Phys. Soc., A62, 741 (1949).

(10) B. C. Lippens, “Structure and Texture of Aluminas,” Thesis,
University of Delft, 1961.

(11) A.S.T.M. File No. 16-817.
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There is, however, an appreciable amount of amorphous
matter in the sample as indicated by the high value
of the background intensity.

Samples E, F, and G are identified as containing in-
creasing fractions of a-Cr2 3in view of the good agree-
ment of the calculated and observed sin29values. The
unit cell parameters of a-CrD3 are2 a = 4954 A
and ¢ = 13.584 A which agree well with those in Table
Il. Samples E and F, however, differ from sample
G with regard to crystallite size, lattice strain, and
amount of crystalline matter as may be seen in Table
1.

Radial Electron Distribution (RED). The method of
calculating the RED patterns and their significance
have already been published.6 The RED patterns of
the amorphous samples B, C, and D, as well as sample
E, are illustrated in Figure 2. Table IV identifies the
various peaks in the pattern with interatomic distances
in different plausible structures.

Table IV: Radial Electron Distribution in Samples B-E
R -Length** of the bands, A-
Interatomic ------Samples------ =-------- X Caled
distance B ¥ D E values
Cr-0 in Cr04 1.58 1.62 158 1.59 1.60“
Cr-Oi in HCrOf1, Cr3 1.96 1.98 1.95  1,976¢
0-0 in HCr02 250 2.55 2.54 2.556
Cri-Cr2in <*Crd 3 2.64 2.69 2.66 2.65'
Cri-Cr3in a-Crd 3 2.88 2.86 2.90 2.89'
Cr-Crin HCr02 2.98 2.98 3.0 2.986
Cri-Cr4in a-Crd 3 3.42 3.44 3.43'
Cr-0 in HCr02 3.51 3.50 3.45 3.491
Cri-Crs, Cr6in a-Crd 3 3.64 3.62 3.64 3.65'

°A. F. Wells, “Structural Inorganic Chemistry,” 3rd ed,
Oxford University Press, Amen House, London, E.C.4, 1962,
p 443. 6R. M. Douglass, Acta Crystallogr., 10, 423 (1957).
cR. E. Newnham and Y. M. de Haan, Z. Kristallogr., 117, 235
(1962). dThe values are accurate to about +0.03 A.

The results may be summarized as follows: both
samples B and C contain regions wherein the struc-
tural features are similar to those in CrOi2-, HCr02
and a-CrD3 It must be emphasized that these are
only local characteristics and do not extend to more
than, say, 7 A, since no lines at all are seen in the X-ray
diagram (Figure 1). In sample D, distances that corre-
spond to those in HCr02-Cr042~ groups are probably
present only on the surface accounting for the vector
at 1.58 A. Sample E contains, of course, an appreci-
able fraction of a-Cr2 3 as evident from the X-ray
diffractograms, but Table IV reveals that the amor-
phous part contains short-range structures which are
similar to that in HCr02 Again the vector at 1.59 A
probably originates from surface regions containing
the chromate ion.

Differential Thermal Analysis.
mogram of sample A isshown in Figure 3.

The differential ther-
The tempera-
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Figure 2. The radial electron distribution in samples A-G.
The vertical lines correspond to the interatomic
vectors in Table IV.

ture range covered was from 25 to 1000°. As may
be seen, there are three endothermic peaks at 140,
155, and 250° and an exothermic peak at 390°. Similar
phenomena had been observed by Bhattacharya, etal.u
The peaks at 140 and 155° are attributed to loss of
two forms of loosely bound water, the precise difference
between them not being clear. We attribute the peak
at 250° to the loss of water by condensation of hydroxyl
groups. The presence of hydroxyl groups in the sample
is also supported by ir (Figure 4) and RED data. The
exothermic peak at 390° has been attributed13 to the
onset of crystallization of a-Cr3 This is further
confirmed in our study by the fact that the crystalline
X-ray pattern of a-Cr2 3is observed only at 400° or
above (Figure 1).

Ir Spectroscopy. The ir spectra of samples A-G
in KBr disks (1% by wt) are shown in Figures 4 and
5. The frequencies of the various bands together with

(12) R. W. G. Wyckoff, “Crystal Structures,” Vol. 2, Interscience,
New York, N. Y., 1964, p 6.
(13) S. K. Bhattacharya, V. S. Ramachandran, and J. C. Ghosh,
Advan. Catal., 9, 114 (1957).
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Figure 3. The differential thermal analysis curve of sample A.

Figure 4. Ir spectra of samples A-D in the region 1300-1700
and 3300-3600 cm-1 (KJBr pellets).

their relative intensities are given in Table Y. Sam-
ples E, F, and G did not have any significant absorption
band in the region 1300-4000 cm-1. Thus, their
spectra are omitted in Figure 4. None of the samples
exhibits any absorption in the range 1700-3300 cm-1.
A weak band at 1095 cm-1 is observed for sample A
and two are observed (at 1010 and 1045 cm-1) for
sample G. These are not shown in the figure but are
indicated in Table V. There were no absorption bands
for the other samples in the region 1000-1300 cm-1.
Zecchina, et al.,¥ have recently carried out an ex-
tensive ir investigation of the adsorption of HD, CO,
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Figure 5. Ir spectra of samples A-G in the region 400-1000
cm-1 (KBr pellets).

02 and C02on chromia activated at 400° under vacuum
or 02 or CO atmospheres. Marshall, et al.,55 have
published ir spectra of single crystals of a-CrD3
Burwell, et al.,1report a very broad band at 525 cm-1
in amorphous chromia which is split into two bands
at 618 and 550 cm-1 when the sample is converted
into crystalline a-Cr2 3

In accord with Zecchina, et al.,, we assign the bands
at 3510 (sample A) and 3420 cm-1 (sample B) to the
stretching of surface hydroxyls originating from a dis-
sociative chemisorption of water and to the OH stretch-
ing of nondissociated water molecules. The bands at
1572 (sample A) and 1625 (samples B and C) are as-
signed to the bending modes of nondissociated water
molecules. However, the persistence of this band
even at 240° (sample D) is quite surprising. From
DTA experiments it is known that all the loosely
bound water is expelled below 200°; only surface
hydroxyl groups are present at 240°. The band at
1625 cm-1 in sample D cannot be assigned to the bend-
ing mode of a hydroxyl group because the correspond-
ing stretching mode in the region 3300-3800 cm-1
is absent. Now RED studies reveal the presence of
regions in sample D which possess the same “short-

(14) A. Zecchina, S. Coluccia, E. Guglielminotti, and G. Ghiotti,
J. Phys. Chem., 75, 2774 (1971).

(15) R. Marshall, S. S. Mitra, P. J. Gielisse, J. N. Plende, and L. C.
Mansur, J. Chem. Phys., 43, 2893 (1965).
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Table V: Ir Spectrum of Samples A-G (cm *)

P. Ratnasamy and A J Leonard

Samples*-

A B c D E F G
470 (s) 495-530 (vs) 535 (vs) 575 (vs) 420 (s) 420 (s) 412 (s)
525 (vs) 845 (s) 825-925 (s) 955 (s) 443 (ms) 445 (ms) 443 (ms)
855 (s) 1385 (vs) 1385 (w) 1625 (w) 575 (vs) 575 (vs) 560 (s)
1095 (w) 1488 (s) 1475 (w) 635 (vs) 650 (vs) 625-650 (vs)
1382 (s) 1625 (s) 1625 (w) 975 (w) 880 (w)
1572 (s) 3420 (s) 940 (w)

3510 (s) 970 (s)
1010 (w)
1045 (vw)

Legend: vs, very strong; s, strong; ms, medium strong; w, weak; vw, very weak.

range order” as in HCr02 (see above). Crystalline
HCr02 exhibits’6 a very broad band in the region
1600-2000 cm-1 due to O-H stretching vibration in
OHO groups. The oxygen-oxygen distance across
the hydrogen bond is about 2.45 A. The band at
1625 cm-1 in our sample D is therefore assigned to
the presence of similar groups in our sample also.
Douglas® observed a fairly strong band at 1100-1200
cm-1 which he attributed to chromium-oxygen vibra-
tion. The band at 955 cm-1 (sample D) is also as-
signed to the same cause. The presence of these two
bands lends additional support to the presence of
“HCr02like” regions in sample D.

We consider next the bands in the region 1300-1500
cm-1 (Table V). These have been assigned by Zec-
china, et al.li to strongly adsorbed CO02 molecules.
The absence of a band at 2360 cm-1 indicates the ab-
sence of linear, weakly adsorbed C02 CO02is most
probably adsorbed as a carbonatelike surface species.

The weak band at 1095 cm-1 (sample A) is assigned
to a Cr=0 stretching vibration arising from the dis-
sociative chemisorption of oxygen. The frequency is
higher than that of Zecchina, et al. (1024 cm-1). It is
probably due to the greater coordinatively unsaturated
nature of the Cr ions in our sample. In compounds
of vanadium17-19 the M =0 stretching frequency is
known to increase with decreasing coordination
number of vanadium. That the band is due to ad-
sorbed oxygen is also supported by its absence at higher
temperatures.

For samples A, B, C, and D absorptions in the region
450-900 cm-1 are due to groups of the type in CrOF-
typeDwhere x = 2, 3, or 4. It is known that in amor-
phous chromia Cr3+ ions undergo surface oxidation to
higher oxidation states.2l These bands arise from
Cr-O-Cr vibrations.

For sample G (whose X-ray diffraction pattern is
identical with that of a-CrD 3, the absorption bands
at 880, 970, 1010, and 1045 cm-1 are assigned to the
combination lattice modes of 2E2, E2 + E3, Et' +
AZ, and EZ + AZ, respectively. The theoretical
values calculated by Marshall, et al.,n for a-CrD3
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are 876, 971, 1010, and 1041 cm-1, respectively.
Zecchina, et al.,2* have assigned the band at 940 cm-1
to the mode (E/ + ES3). The infrared-active fun-
damental modes for a-Cr2 3 occur®B at 410, 440, 550,
and 618 cm-1. They belong to the modes Ei, E2
Es, and E4 (as well as A2J, respectively. These are
in good agreement with the observed values for sam-
ples E, F, and G. The absence of the combination
modes in samples E and F may be due to the fact
that these samples are not sufficiently crystalline to
exhibit sufficiently intense combination modes. In
fact, the relative crystalline fraction in samples E and
F are (Table I11) only 35 and 47%, respectively.

Discussion

The main features of all our results may be summa-
rized as follows: sample A consists of crystalline
Cr(OH)3(Figure 1). There isan appreciable number of
water molecules, probably confined to the surface region
(Figure 5and TableY). SamplesB, C, and D (60-250°)
are completely amorphous (Figure 1). All the bound
water is eliminated below7 200° (Figure 3 and Table
V). An appreciable fraction of the hydroxyl groups
is removed at 250° (Figure 3). Both RED (Figure 2
and Table 1V) and ir data (Figure 5 and Table V)
lead to the conclusion that there are regions in all
the three samples B, C, and D, wherein the “short-
range structure” is similar to that in HCr02 Samples
B and C contain, in addition, Cr-Cr and Cr-0 vectors
characteristic of a-CrD®3 The absence of the a-
Cr2 3features in sample D is discussed later. However,
these features extend only to a few Angstroms (5 to
7 A), and no definite long-range order is present.
Sample E (400°) contains crystalline a-CrD3 as

(16) R. M. Douglas, Acta Crystallogr., 10, 423 (1957).

(17) J. Selbin, L. H. Holmes, Jr, and S. P. McGlynn, J. Inorg.
Nucl. Chem., 25, 1358 (1963).

(18) K. Ueno and A. E. Martell, J. Phys. Chem,, 60, 934 (1956).
(19) 1. R. Beattie and T. R. Gilson, J. Chem. Soc., 2322 (1969).

(20) C. N. R. Rao, “Chemical Applications of Infrared Spectro-
scopy,” Academic Press, New York, N. Y., 1963, p 340.

(21) W. Weller and S. E. Voltz, J. Amer. Chem. Soc., 76, 4695
(1954).
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evidenced by the X-ray pattern. DTA data confirm
the evolution of a crystalline phase around 400° (Figure
3). Samples F and G contain varying amounts of
crystalline a-Cr20 3 the latter being practically pure
crystalline a-Cr2 3

Since the evolution of the structure of the final
material involves HCr02 as intermediate, its salient
features will be briefly pointed out.’6 The structure
of HCr02 consists of oxygen ions, at the vertices of
deformed octahedra, around Cr3+ ions. Each octa-
hedron shares edges with surrounding coplanar octa-
hedra to form continuous (CrCh)"“ sheets in which
the anions are close-packed. A proton lies in two-
fold coordination between each pair of superposed oxy-
gen ions. The hydrogen bonds thus formed satisfy
the excess negative charge of the sheets and serve
to hold them together. In a-CrD 3 the 02~ ions are
arranged in approximately one-third and two-thirds
of the distance between the oxygen layers. Each
Cr3+ ion is surrounded by six 0 2~ ions at the corners
of a slightly distorted octahedron. Three of the oxy-
gens are a few per cent nearer the Cr3+ than the other
three. Each 02~ in turn, is surrounded by four Cr3+
ions at the corners of a slightly distorted tetrahedron.

Thus, in our samples B to G, the structure evolves
through an amorphous phase wherein regions of sheet-
structure (consisting of distorted octahedra and tetra-
hedra) are clearly discernible. In addition, the begin-
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nings of the corundum structure are also evident,
though these are confined to regions too small to give
rise to sharp lines in the X-ray pattern. At 400°,
these sheets grow into hexagonally close-packed three-
dimensional structures of O2- ions wherein two-thirds
of the octahedral holes are filled with Cr3+ions. The
main new feature of the present results is the light it
throws on the “structure” of the amorphous material
that is the immediate precursor of crystalline a-Cr2 3

The absence of a-Cr 3features in sample D, though
puzzling at first sight, is actually in order, since, in the
evolution of the sheet structure towards the hep struc-
ture the primary controlling factor is known to be the
greater delocalization of the cations.2 This delocaliza-
tion of the Cr3+ ions will affect the three-dimensional
a-Cr2 3 regions more than those wherein the two-
dimensional HCrO02structure exists.
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The magnetic circular dichroism (MOD) of molecules dissolved in dense media has been investigated for the
case in which the Franck-Condon principle applies and for the case in which the electronic transition is sym-
metry-forbidden but vibronic-allowed. In the adiabatic approximation and the approximation that the
effect of the static magnetic field on the energy and wave function of nuclear motion is negligible, we have
shown that the band shape of MCD is mainly determined by nuclear motion, while the electronic portion of
the system is responsible for the strength of MCD. MCD and absorption coefficient are compared. It is
found that for nondegenerate systems, for a particular electronic transition in which the Franck-Condon

principle applies, the band shapes of MCD and absorption spectra are identical.
MCD are also discussed. As an application, we study the MCD for the n “m t*, ¢ “mit*, and n

tions of the formaldehyde molecule.

I. Introduction

In this paper, we are concerned with the discussion
of the role of electronic and nuclear motion of molecules
in the magnetic circular dichroism (MCD) of molecules
dissolved in dense media. For this purpose, the adia-
batic approximation is employed, and it is assumed that
the effect of the static magnetic field on the vibrational
wave function and energy of molecules and the non-
adiabatic effect (the breakdown of the adiabatic ap-
proximation) are negligible. As with Moffit and Mos-
cowdtz2 and Lin and Bersohn,3we are of the opinion
that the damping effect is not important in the dis-
cussion of the band shape of circular dichroism.4 It
will be shown that each MCD band for an electronic
transition of the molecule consists of series of lines cor-
responding to various vibrational transitions associated
with the electronic transition under consideration.
The strength of each line is mainly determined by the
Franck-Condon factor. In this investigation, we
study both the case in which the Franck-Condon
principle applies and the case of the symmetry-for-
bidden but vibronic-allowred transitions. In the deriva-
tion of MCD, for simplicity the higher order effects
which are not important in most cases are neglected
but can easily be included.6-7

Il. MCD in the Franck-Condon Approximation

A. Degenerate Systems. For the case in which the
Franck-Condon principle applies, in the adiabatic ap-
proximation we have®168

P+{av —Mfiy') =
\[ta\x + fwW | J<UA2=
Px(<x j.|8)|(()‘/)|2 (])

Using eq 1, the MCD can be expressed as
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The moment relations of
or* transi-

Afc(A-B):’\iVEEB AP(a - d)Pa<”(a>) (2)
a

where f &fi(u) represents the band shape function defined
by

fapiw) = EVE\/ P..)Kxa|V>|MNw ~ u8vavy) (3)

As can be seen from eq 3, the MCD band consists of a
series of lines that merge into a single broad band;
the strength of each line is determined by the Franck-
Condon factor, |Cd)OR)|2 It can easily be shown

that JI deco/g3dc0) = 1 If 2 represents the magnetic

0
moment, n = J2(e/2mc) [(?i X Pi) + 2£i], and He, the
I

static magnetic field, then the electronic part of the
Boltzmann factor P, (@ can be simplified as67'9

PJg = -[1 + eHefa)aa
ga

to the first order of approximation with respect to He.
ga represents the degeneracy of the electronic state A
and 6 = 1/KT. In the presence of the magnetic field

(1) (a) University of Utah;
Arizona State University.

(2) W. Moffit and A. Moscowitz, 3. Chem. Phys., 30, 648 (1959).
(3) S. H. Lin and R. Bersohn, ibid., 44, 3768 (1966).

(4) (@) S. H. Lin, ibid, 54, 1177 (1971); (b) S. H. Lin, ibid.. 55,
3546 (1971).

(5) E. U. Condon, W. Altar, and H. Eyring, ibid., 5, 753 (1937);
also, E. U. Condon, Rev. Mod. Phys., 9, 432 (1937).

(6) A. D. Buckingham and P. J. Stephens, Ann. Rev. Phys. Chem.,
17, 399 (1966).

(7) P. J. Stephens, 3. Chem. Phys., 52, 3489 (1970). It should be
noted that a factor of 0>/2c should be included in Stephens’ expression
for MCD.

(8) D. J. Caldwell and H. Eyring, “The Theory of Optical Activity,”
Wiley-Interscience, New York, N. Y., 1971, p 69.

(9) R. Serber, Phys. Rev., 41, 489 (1932).

(b) John Simon Guggenheim Fellow,
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He, the band shape function f a0(w) will also be affected.
Writing uibv,as® — Au™aHe for with Aw3a =
[(0««* — (fh)w]/h, and noticing that the effect of the
magnetic field on the nuclear wave function is ignored,
we can simplify fap(u) as
[«*(«) = [ab» - lab'(gAufidle 4

by Taylor’'s expansion.
defined by

Here/AB°(u) and .. () are

 ab®(<y) = I\E/ EV P.()[Ka.J«b,9]|B(« — UBL.A.0) (5)
and
/ab'(<g = I%,Eviv o) |[AAIB>|D'(u, - Wb,',a,0) (6)

where 0'(x) represents the derivative of the delta func-
tion and P \viv), the Boltzmann factor of nuclear motion.
Considering the effect of the magnetic field He on
P+(a *mR), by straightforward expansion we obtain679

Pt(a- B) = Px{a-* R)° + HePx(a- R) (7)
where
px(«”B)° = \(Pa\X £ i\iB)\> = \(R%)J> (8)

and

R
Pi(a-*B)" = 2Re " (Po)as(Prya +

. (M) ta
E AR Ry (9)

Substituting eq 4 and 7 into eq 2 yields67'9

2a;eN
Afc(A B) = - He

o B)/ab'(q) +

{B(A “mB) + OC(A - B)}ab’(® (20)
A (A —B), B(A —&B), and C(A —B) are given in the
papers by Buckingham and Stephens6 and Stephens,7
and will not be produced here. From eq 10, we can
see that

1
-Afc(A-*B) _ =
_£0 J

Jo

©>
— Afc(A-*B) =
-~fe[B(A - B) + 6C(A- B)] (11)

since JI dco/'(w) = 0. Thus we have shown that the
0

nuclear part of the molecule is mainly involved in the
band shape, and the electronic part of the molecule
determines the strength of MCD.

If the molecules are randomly oriented, we have to
carry out the averaging process of Afc(A B) over
molecular orientations. In this case the relations
A(A B),B(A-» B), and C(A -» B) can be written6
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AA->B) = ’-\EIE aE q [(SmW -
(Bm)aa] "Im (fal X TRa) (12)
1 A B - .
R(A-B) = -E E /, 2'— 0O7/*pAg X r7a) +
¢cA a & hUQb°
M) yg' X
yiBm)yg Oes X A0 o
ity
and
C(A B) = E E miac'lJXaP X />, 14
(A B = LEE® EE)

where (fim)g7 and rg3 denote the matrix elements of
electronic magnetic and electric moments in the molec-
ular coordinate, respectively.

The evaluation of the band shape function fa3 (w)
of the molecules dissolved in dense media has been
extensively investigated in connection with absorption
spectra,0 emission spectra,1l natural CD,4ORD,3non-
radiative decay,1213 resonance energy transfer,4 etc.,
and will not be discussed here.

B. MCD of Nondegenerate Systems. In this case,

(fizJaa and (fi) a r e zero and the expression for MCD
becomes

Afc(A-*mB) = - 22HeBiA B)lab®(c) (15)
oC

Let us compare MCD with the absorption coefficient.

The expression for the absorption coefficient in this

case can be written asD

e(A- B) N Tab1Vab0(«) (16)
Comparing eq 15 with eq 16, we can see that the band
shapes of MCD and absorption spectra for a particular
electronic transition are identical, and while the
strength of the absorption coefficient for an electronic
transition is determined by the matrix element of
dipole transition moment [fABJ2 the strength of MCD
for the electronic transition is determined by B(A -»
B). Furthermore, we have

2aN HeB{A B
e .
3c ):

-
-e(A B 17
CC%( ) |.abp (17)

(10) S. H. Lin, Theor. Chim. Acta, 10, 301 (1968);
S. H. Lin, Trans. Faraday Soc., 67, 2833 (1971).

(11) L. Colangelo, S. H. Lin, and H. Eyring, Proc. Nat. Acad. Sci.
U. S, 68, 2135 (1971).

(12) S. H. Lin, J. Chem. Phys., 44, 3759 (1966); ibid., 53, 3766
(1970) ; S. H. Lin and R. Bersohn, ibid., 48, 2732 (1968).

(13) K. F. Freed, ibid., 52, 1345 (1970) ; R. Englman and J. Jortner,
Mol. Phys., 18, 145 (1970).

(14) S. H. Lin, ibid., 21, 853 (1971).
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It should be noted that although the band shapes of
MCD and absorption spectra may change with tem-
perature, the areas under the curves of (1/w)Afc(A  B)
vs. & and 1/««(A B) vs. @ for a particular electronic
transition are temperature independent. From eq 15,
16, and 17, we obtain

HeB(A-»B) = Afc(A-» B)

2|rABR i(A-*-B)

[L«(A - B)

Next we shall consider the moment relations in
MCD. For this purpose we introduce the integral
representation for the delta function2into/ab®(m) to
obtainll

Afc(A B) = - 2é\H eB(A— B) X
C
— f exp(—iut)Ghn.(t)at (19)
27r
where
Gab® EE/V"] <8a,ib,)]! X
‘2aN
eXp(ffvB0' At, ) 3 HeB(A

OI—O’Afc(A-> B) exp(fc® (20)
W

(A —»B) can be given. Equa-
tion 20 indicates thatlicane can be determined from
the Fourier transforngihtion of I/wAfc(A B) which is
experimentally measurable, and from Gab©> one can
determine the Franck-Condon factors (c/. eq 20), vice
versa. Expanding Gab© and exp (hoi) in power series
of t, and comparing the coefficients of tn, yields

A similar expression fo

dkooon_1Afc(A -» B) =

~H eB (A B)GABNO)nN =

[on_1A/c(A —B)] =
-~HeB {A->B)E E <Bs a,07 V' >K0ab]l<W)[2 (21)
Voo,

which are the so-called moment relations. From eq 21
one can determine GAB(N)(0) and from Gab(1X0), GAb(0
can be obtained in principle by using the relation

@ tn
Gab® = nE_ =~ G ab(">(0).

Qfl.
and hence /.- (0> IS very important, because these
guantities are transferable to other phenomena like
absorption,0 emission,11 CD,4 nonradiative decay,1213
energy transfer,4 etc. The theoretical calculation of
the right-hand side of the moment relations given by

The determination of cabo®
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eqg 21 has been investigated1l for the harmonic oscillator
model, i.e., both intramolecular vibration and libration
are regarded as harmonic. The moment relations of
MCD for degenerate systems can be discussed simi-
larly and will not be produced here.

I11. MCD for Symmetry-Forbidden but
Vibronic-Allowed Transitions

Here for simplicity we shall assume both upper and
lower electronic states are nondegenerate. In this case,
we can expand the electronic transition moment rAB =

) in terms of normal coordinates, Qi
1

7ab = rAB° + Qi + eme (22)
The coefficients (drAB/c>Qi)o, etc., are related to the
matrix elements of the vibronic coupling and have been
given by Weigang.5 In most cases, the upper elec-
tronic state is more easily perturbed by the vibronic
interaction than the lower electronic state. By going
through the derivation similar to that given in the
previous sections, we obtain the expression for MCD
for symmetry-forbidden but vibronic-allowed transitions
as eq 15 with J5(A »= B) and/AB°(0)) defined by

B{A B) = DIm X

lyi B (¢mBG /BGZOxnpGA

+ (23)

Vg *«gb°® G ~"GA°
and
[ab®(® £EE£/V 9X

Di V Vv

(OASIQI|0BI>)(0Bt J0ADS(W ~ &BvV.AV°)  (24)

where Di =

EVP (L (0AGQIJ0A7). Here the relation

tab® = 0 for symmetry-forbidden transitions has been
used, the assumption that only one normal mode is
responsible for the vibronic interaction has been made,
and only the dominating term in MCD is retained.
From eq 23 and 17, we can see that because of Di, we
may expect the MCD for symmetry-forbidden transi-
tions to be weak as Di equals zero in the harmonic
oscillator approximation. The case in which elec-
tronic states are degenerate can be discussed similarly.

Let us compare the MCD with the absorption coef-
ficient in this case. The absorption coefficient for
symmetry-forbidden but vibronic-allowed transitions is
given by

arAb
aQi /o
I<0AIQIIWZO - WB,\A°)  (25)

££N>X

«(A-

(15) O. E. Weigang, Jr., J. Chem. Phys., 43, 3609 (1965).
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From eq 25, we obtain
[V -B ,] =

4aN [/ 6?ab\

3 \oQid 5/ 9)0ASIG2109 (26)

If the normal mode of Qi is harmonic, eq 26 reduces to

0,

2% 6 .
-— coth ~fiui  (27)
2001 2

which should be compared with eq 17. It should be
noted that eq 27 corresponds to the equation adopted
by Pople and Sidman¥6for calculating the intensity of
the symmetry-forbidden electronic absorption band of
formaldehyde.

IV. Application

To illustrate an application of the derivation given
in the previous sections, we discuss the MCD for the
n—air*, n —=mtr*, and ir—»ir* transitions of the formalde-
hyde molecule. For these electronic transitions both
initial and final states are nondegenerate, and hence
A (A —B) and C(A —aB) vanish. Thus to compare
the magnitude of the MCD for these transitions, we
have to consider only B(A “m B). B(A -“m B) in this
case can be used to represent the strength of MCD.
It is apparent from the derivation given in the previous
sections that the origin for calculating the matrix
elements of electric and magnetic moments should be
at the center of mass of the molecule under considera-
tion. The existence of the summations in B(A —mB)
makes the calculation of MCD very complicated. It
would seem desirable to treat MCD by using the
variation-perturbation approach,78 which is cur-
rently in progress. In this section, we shall attempt
only the order-of-magnitude estimation of the MCD for
the n—»a* and ir 2mir* transitions. For this purpose,
the simple MO’s19 are employed and the summations
in eq 13 are truncated by limiting to the use of the
electronic states, (mr¥*), (no-*), (irir*), (cnr*), and (i@a*).
Detailed SCF LCAO MO'’s of formaldehyde are avail-
able,® however. The matrix elements of electric and
magnetic moments, which have been obtained by ne-
glecting the two-centered integrals, are given in Tables
I and II.

A. The IAi 'A2Transition. It is well known that
the *Ai-*- 'A2(n-*- 7r*) transition is symmetry-forbidden,
and the forbiddenness is removed by including the
effect of vibronic interactions.’6 Because of this sym-
metry-forbiddenness, the intensity of the electronic
absorption band for the 'Ai A2 transition is weak
compared with that for the allowed transition. Using
the character table for the formaldehyde molecule (C2,),

one can obtain the electronic states ¥Q in (~g1 ~ d 17a)
1

and which are allowed on symmetry
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Table 11 Matrix Elements of Transition Moment {vi\eYj"\vt)
| M («ibyirilgf)
i

vilAi) <('Aijnir 0.0326 1 eaj
Vi ‘Ai) Vi'Bi)n»* —0.220 7 eal
<("Ad) Vi'Al) 7™ 0.679 k eRb
<(AI) <('Bi)»,,* 0.189 j eoo
o Ai) (‘B2 A1 0.184 j ea0
< A)NTr w( Bi)no-* 0.434 j eal
Vi'‘A2ht* yTAIA t* 0.0308 Teoa
Vi'A2)jor* Vi’'B2air* —0.0209 T ea0
A 'AiAxX* vi’'Bl)mrs 0
' Aly,TT* «("B2)0i * —0.361 e
«( AXTT* <(‘Bi) ka* 0.434 j ea0
p (' Bl)n<r* v i~ Ubdre 0
Vi'Biw* «('BT)™* 0.0308 T ea0
<('B2)TO* vi’'B2)air* 0

The small contribution from the (inr*) state which
rise to the polarization in the y direction has been omitted.
6 R represents the C-0 bond length, R = 1.26 A.

Table Il: Matrix Elements of Magnetic Moment (pi]jSm|)
Vi M («'iumll'f)
i ~ eh
@CAI) vilAf)mr* -0.848 Kk -7—
21me
/, eh
<A V('Bi)n(r* 0.778 !J - =
21me
o(A,) Vi'Ai)tt* 0
i 7! R\ eh
VI'Ai (B2t -1.174 + 0.133- —
D (Bt \ a0 2une
. I . R\ eh
Viai) viBilicxr* 1 (168 - 0.134- .
\ a0 2ime
i « ¢h
Vi'Aa2)n I* Vian)TT* 0.800 k 5,
Imc
- R\ eh
CCATIRX* < (‘BOncr* I\—o.190 + O'lZSéO}Zimc
~ eh
Vi'A2nT* « (' B2)<r»-* -0.740 | z_ime
VIi'ALTT «('Bi)ncr* 0
T( R\ eh
i Vi et -0.298 + 0.0652- — _
vViran) TT* B 2)itt \ 0/ 2 ime
T( R\ eh
- . . -0.190 + 0.125- .-
>CAi)e. Vie 2) ™ N L sime
Vi'Bi)jnc* «(B2),7TF 0
=%} 0800/l2 e
1'Bi * i > . —_
Vi‘Bi)nd VIIRL) r(l Sime
o B2)jrg Vi 2) (TT* 0

(16) J. A. Pople and J. W. Sidman, J. Chem. Phys., 27, 1270 (1957).
(17) M. Karplus and J. Kolker, ibid., 34, 1493 (1963).

(18) S. H. Lin and H. Eyring, Proc. Nat. Acad. Sei. U. S, 68, 76
(1971).
(19) J. W. Sidman, J. Chem. Phys., 29, 644 (1958).
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grounds, and we can see that (IAcleEhliKMi)) and
i

(IKM nirj2nV'G;, and (‘KA nri|eXIn]>'G> and <"\G}in}-
i

~(Mi)) are parallel, andB (JAi-> M2 vanishes. B(Ai—»
M2 can be made nonzero only when the vibronic
effect is included in (™M(1Ai)]e2zri|MNIA9 ), ("G]eEn]-

(A<M (A MPfimIPG and  (CATADIT*eEAIMG) X

(iPg MniP(*Ax)). This may explain the fact that the
observed MCD for the n—»ir* transition is so weak and
that the MCD for the n—»r* transition is very sensitive
to the type of substituents and to the position of sub-
stitution.2L

In discussing the intensity of the absorption spectra
for the symmetry-forbidden n -“*m ir* transition, Pople
and Sidmanlb consider the perturbation due to the
vibronic interaction to affect only the excited M 2state
but not to affect the ground Mi state. From eq 13, it
is apparent that other excited electronic states involved
in eq 13 might also be perturbed by the vibronic
coupling, which complicates the calculation of the
MCD for the n — ir* transition.

B. The Mi -*mIB\ Transition. The Mi-*m TL transi-
tion corresponds to the n-> a* transition. To carry out
a numerical calculation of the MCD strength B (A —B)
using eq 13, it is convenient to define the general
terms in eq 13 by B(A -*» B)g and evaluate eq 13 term
by term. That is

"AX (MMEG

B(A
2BG X (im)GA } (28)
K a°
and
B(A  B)ab _;SZ)OX (UmBA 29)

The latter arises from setting G in the first and second
summations of eq 13 equal to A and B, respectively.
Substituting the matrix elements of electric and mag-
netic moments given in Tables | and Il into eq 28 and
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29, we obtain B(Mi — BJm* = —1.11 X 10~45
B(IAt-> ~i)»,. = -0.704 X 10-45 B(M i~ Bi),. =
0; B(Mi— 'BO,,. = 0; B(Ai— ‘BO,,. = -0.327 X

10-45. From these results, we can see that although
B (M i—m8Bi)g decreases steadily with increasing energy,
the series involved in the calculation of B(Mi -*m Th) do
not converge very rapidly; we can, however, estimate
the order of magnitude of B(Mi-*m&8i), B(Mi -»- 'Bi) =
-2.2 X ICC4

C. The Mi —Mi Transition. The MCD strength
B (Mi -* Mi) for the ir—»ir* transition can be evaluated
similarly. We findB (M i-* Mi)™* = 0; B(Mi-*- Mi)n*
=0; B(Mi— Mi)nr. = 0; B(Mi— M i),. = -4.44 X
10-45; B(Mi —»Mi)y™* = —251 X 1CT4 Again it
shows that the infinite series appearing in eq 13 do not
converge very rapidly, and we can only make a rough
estimation of the MCD strength for ir—»ir* transition,
which gives B(Mi-»-Mi) = —7.0 X 10-45. Itisinter-
esting to notice that while the intensity of the elec-
tronic absorption spectra for the ir “m ir* transition is
ten times stronger than that for the n -*m a* transition,9
the MCD strengths for the ir-*m ir* and n -> a* transi-
tions are comparable, B (Mi -*» Th) smaller than B (Mi
Mi). This is because in the intensity of the electronic
absorption spectra for a particular electronic transi-
tion, the square of the transition moment of that
particular electronic transition is involved, while in the
MCD only the first power of the transition moment is
involved.
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We have studied the epr and conductivity of the nonionic charge-transfer (D-A) complexes carbazole-tetra-

cyanoquinodimethane and carbazole-2,3-dichloro-5,6-dicyanobenzoquinone.

These complexes are intrinsically

nonionic and therefore diamagnetic, but they exhibit weak, temperature-dependent paramagnetism due to

the presence of paramagnetic impurities.
ground state and paramagnetic excitations.

Interactions among unpaired impurity spins result in a nonmagnetic
The complexes behave as semiconductors with activation energy

for conduction greater than that for the creation of the paramagnetic spins, but doping the complexes with A-,
analogous to n doping in inorganic semiconductors, suggests that both the conductivity and the paramagnetic
properties are associated with the unpaired electrons on the A- anions.

Introduction

The continued interest in the conductivity of or-
ganic charge-transfer complexes has involved attempts
to establish some relationship between the paramag-
netic electrons and the charge carriers responsible for
the observed conductivity, but up to now no universal
relationship has been found between the epr and elec-
trical parameters.2 There are two types of organic
donor-acceptor (D-A) complexes: paramagnetic ionic
(D+A~) and diamagnetic nonionic (DA).3 In this
notation D represents an electron donor and A an elec-
tron acceptor. The resistivities of these systems are
in the range of 10410~20ohm c¢m, and most of the com-
plexes show a temperature-dependent conductivity
characteristic of semiconducting materials. In gen-
eral, the ionic complexes show higher conductivities
than the nonionic ones.

Our report deals with the epr and conductivity stud-
ies on the charge-transfer complexes of the nonionic
type (DA), carbazole-tetracyanoquinodimethane and
carbazole-2,3 - dichloro - 5,6 - dicyanobenzoquinone.
These complexes are intrinsically nonionic and there-
fore diamagnetic, but they exhibit weak paramag-
netism due to the presence of paramagnetic impurities.
Temperature-dependent studies of the epr signal in-
tensity show that interactions among the unpaired
impurity spins result in a nonmagnetic ground state
and paramagnetic excited state. The complexes be-
have as semiconductors with activation energy for
conduction greater than that for the creation of the
paramagnetic spins, but doping the complexes with
A -, analogous to n doping in inorganic semiconductors,
suggests that both the conductivity and the paramag-
netic properties are associated with the unpaired elec-
trons on the anions.

Experimental Section
(@) Preparation of Complexes. Carbazole (CARB),
tetracyanoquinodimethane (TCNQ), and 2,3-dichloro-

5,6-dicyano-l,4-benzoquinone (DDQ) were purified
by sublimation. The complexes (CARB-TCNQ and
CARB-DDQ) were prepared by mixing equimolar
solutions of the donor (CARB) and acceptor (TCNQ,
DDQ) in boiling chloroform. The dark solution was
allowed to stand at room temperature for several hours.
CARB-TCNQ was obtained as a dark blue crystalline
pow-der and CARB-DDQ was obtained as a green
crystalline powder. Elemental analysis indicated that
both complexes (CARB-TCNQ and CARB-DDQ) are
1:1. Li+DDQ- and Li+TCNQ- were prepared by
mixing hot solutions of Li+I- and DDQ and TCNQ in
hot acetonitrile. The doped complexes were prepared
by adding varying small amounts of Li+A- to the hot
reaction mixture immediately after the donor and
acceptor solutions were mixed.

(b) Measurements. Infrared-Visible  Absorption.
Absorption spectra of the complexes in the infrared
region were made on the Beckman IR-5 infrared spec-
trophotometer in KBr pellets. Visible absorption
spectra were examined in KBr pellets and dilute aceto-
nitrile solution, using a Cary 14 recording spectro-
photometer. The lithium salt of the acceptors (Li+-
TNCQ- and Li+DDQ) and the neutral molecules of
the donor and acceptors were used as references.

Electron Paramagnetic Resonance (Epr). Epr mea-
surements were carried out with a Varian Model
V4500-10A X-band spectrometer at 100-kHz field
modulation. The temperature was controlled by
passing heated or cooled nitrogen gas about the sample
tube and measured with a thermocouple with a pre-
cision of + 1°K.

(1) Alfred P. Sloan Fellow.

(2) (a) A comprehensive review is F. Gutmann and L. E. Lyons,
“Organic Semiconductors,” Wiley, New York, N. Y., 1967, (b)
Y. Okamoto and Walter Brennen, “Organic Semiconductors,”
Reinhold, New York, N. Y., 1964.

(3) H. M. McConnell, B. M. Hoffman, and R. M. Metzger, Proc.
Nat. Acad. Sci. U. S,, 53, 46 (1965).
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The epr studies were done on powder systems, since
the signal intensity was insufficient for single-crystal
work. The g values of the complexes were measured
using the dual-cavity technique with a dilute aqueous
solution of potassium peroxylamine disulfonate (g =
2.0054, oN = 13.0 G) as reference. The microwave
frequency was measured with a Hewlett-Packard
X-532-B frequency meter.

The g values, determined from the appropriate fea-
tures of the powder spectrum, were checked by com-
puter simulation with a program which assumes ran-
dom orientation of spins and performs a double numer-
ical integration over an octant of the unit sphere, uti-
lizing a Gauss-Legendre integration in 6 and a Gauss-
Tschebyschev integration in €= The extremal features
in the simulation are sensitive to relative changes of
the input g values of £3 X 10~5 which is smaller than
the real accuracy of the measurement which is esti-
mated to be £0.0005. The program could use either
Lorentzian or Gaussian line widths, which for simplicity
were assumed to be isotropic.

Studies of the temperature dependence of the epr
signal intensity were performed over the range 150-
373°K. The 0O-value anistropy was removed by over-
modulation and the intensity was taken to be pro-
portional to the square of the width of the resulting
line times its height. The absolute number of spins
was determined by comparing the integrated absorp-
tion intensity of the sample to that of a known amount
of DPPH dispersed in KBr.

The effect of oxygen on the paramagnetism of the
complexes was determined by observing the change
in the epr signal intensity before and after introducing
oxygen into the sample tube.

Conductivity Studies. The resistance of compressed
pellets was measured as a function of temperature.
The pellets were made on a 0.5-in. diameter die, using
an applied force of 10 tons. A suspension of colloidal
graphite in methanol was applied to the surface of the
pellets to ensure good contact between the electrode
plates and the pellet.

The apparatus consists of a Victoreen Model 5010
operational amplifier, wired as a current-to-voltage
transducer with a voltage gain of two. The feedback
resistors were housed in a Keithley shielded switch,
Model 3011, with all co-ax fittings removed, bolted
directly to the amplifier. The feedback resistors were
Victoreen glass units, ranging from 1013 to 106 ohms.
Each resistor had a capacitor in parallel to give a time
constant of 10 sec. The (—) input was connected to
the high-impedance electrode with a rigid rod, and the
low-impedance electrode voltage was determined by a
potentiometer between ground and the regulated 15-V
power supply of the operational amplifier.

The resistance of the compressed pellet was found
by subjecting the pellet to a 15-V potential and measur-
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Figure 1. Infrared spectra of (A) CARB-TCNQ, (B)
Li+TCNQ-, (C) TNCQ, and (D) CARB in KBr pellets.

Figure 2. Visible spectra of (A) CARB, (B) TCNQ, (C)
CARB-TCNQ, and (D) Li+TCNQ- in KBr pellets.

ing the current from the potential drop across the known
feedback resistance.

Temperature-dependent measurements were car-
ried out by placing the electrodes in a copper chamber
which was then immersed in a slush bath. The cop-
per chamber was continuously swept with dry nitrogen
gas to avoid condensation of water vapor on the sample
and electrodes.

Results

The infrared and visible spectra of CARB, TCNQ,
CARB-TCNQ, and Li+TCNQ are shown in Figures
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Figure 3. Room temperature electron paramagnetic resonance
spectrum of CARB-TCNA: (A) experimental, (B) computer
simulation; g values from Table I, Lorentzian component

line width 0.11 G.

1 and 2. The infrared bands of CARB-TCNQ and
CARB-DDQ in the 2-12-p region (stretching modes)
are a superposition of the spectra of the neutral donor
and acceptor molecules and not of the ions, indicating
that these complexes are nonionic. Because of the
usual face-to-face stacking of the aromatic molecules
in charge-transfer systems, the bending modes of the
complexes are not expected to be the same as those of
the neutral donor and acceptor molecules. The visible
spectroscopic measurements also indicate that the bands
appearing in the spectra of CARB-TCNQ are a super-
position of the spectra of the individual donor and ac-
ceptor neutral molecules (Figure 2). The one new
feature, the band appearing at 550 p in Figure 2, is
the charge-transfer band,4 representing an electronic
excitation from a nonionic (DA) to an ionic (D +A~)
state.

These complexes, though nonionic, are weakly para-
magnetic. Figure 3A gives a representative spectrum
from a CARB-TCNQ sample, and Figure 3B gives
the computer simulation using the g values listed in
Table I and using a Lorentzian component line width
of 0.11 G. Although an anisotropic line width could

Figure 4. Plot of In [IT] vs. T~I for CARB-TCNQ, | in
arbitrary units.

have improved the fit to the intensity of the signal at
43 the calculated field positions for the maxima agree.
Simulation further shows that use of a Gaussian com-
ponent line is inappropriate.

For isolated spins of concentration n, the signal in-
tensity would follow Curie’s law, / a« n/T. Organic
crystals in which antiferromagnetic interactions be-
tween spins are important often exhibit a nonmagnetic
ground state and magnetic excited states with creation

energy E&and an excitation density p(T).6 In such
acase
I < p(T)/T 1)
with
P(T) = p(ro) exp[—EJKT] (2)

when Ea > kT. The validity of this equation for the
system studied here is shown by linear plots of In [IT]
vs. T~I, such as in Figure 4 for undoped CARB-
TCNQ. Observed values of Faare listed in Table I.
The temperature-dependent studies thus show that
the interactions of the unpaired electrons in these

Table I: Epr and Electrical Parameters
CARB-TCNQ CARB-DDQ

Ea eV 0.05 + 0.01 0.040 =+ 0.01
t, eV 0.45 d0 0.20 0.45 +0.02
p(&)/mol 0.93-3.5 X 10¢ 1.8-7.8 X 10¢
<a (ohm cm)-1 1.9-7.1 X 10"M 1.5-6.5 X 10"11
Si 2.0029 2.0074

® 2.0026 2.0050

® 2.0021 2.0019

(e:Y] 2.0025 2.0049
{/solr™ 2.0025 2.0050

“ Dependent on doping; values are for room temperature.
bLi+A" in acetonitrile solution.

(4) J. Rose, “Molecular Complexes,” Pergamon Press, Elmsford,
N. Y, 1967.

(6) Z. G. Soos, J. Chem. Phys., 46, 4284 (1967).
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complexes lead to a nonmagnetic ground state, with
thermally accessible paramagnetic excited states. The
spin concentrations per mole were measured at room
temperature for both complexes (Table 1) and, to-
gether with the value of 2?a>allow us to calculate p(°°)
using eq 2. The small values of p( °0) prove again that
these complexes are basically nonionic and nonmag-
netic, since for a completely ionic system p(°°) should
be equal to two times Avogadro’s number. The
impurity spins are not due to adsorbed oxygen, since
introducing oxygen into a degassed sample resulted
in an irreversible decrease of the epr signal intensity.
Doping the complexes increased p(°0) without chang-
ing Fa the line shape, or line widths of the spectral
lines. This suggests that A- impurity centers are
responsible for the observed paramagnetism. This
view is supported by the fact that the average g value
of each complex is equal to the solution g values of the
corresponding LiA~ (Table I).

The temperature-dependent studies of the conduc-
tivity of compressed pellets show that these complexes
are semiconductors

a = <r(oo) exp(—e/fcBT) 3)

o(a>) is the conductivity at infinite temperature and t
is the activation energy for conduction (Figure 5). An
e value of 0.45 £ 0.02 eV was obtained for complexes

with both acceptors. The temperature-dependent
studies were performed in the temperature range
178-298°K. Doping the complexes increased the con-

ductivity without changing the activation energy for
conduction, as is shown in Figure 6.

As a means of relating the increases of both p(QOi)
and <(00) upon doping, Figure 6 gives a plot of log
cr(co) vs. log p(°°) for CARB-TCNQ. The result is
a straight line of slope 1.08, with standard deviation
0.07 (Figure 6, which suggests that the charge carriers
and the magnetic spins have the same origin.

Discussion

The Epr Results show that the impurity A- ions
are the source of the observed paramagnetism. The
proportionate increase in the epr signal intensity and
conductivity on doping with Li+A- indicates that the
A- ions are involved in both processes. Two possible
models for the nature of the impurity centers are the
distributive model and the cluster model. In the
cluster model the impurity centers would occur in
relatively large domains. However, proportionality
of o0-(0c0) and pi“ ) makes this model unattractive,
since a linear increase of both quantities is not ex-
pected in this case.

The distributive model views the interacting im-
purity spins as essentially randomly distributed through-
out the solid. Spin exchange among the excited mag-
netic spins is small, since the system is dilute, and is
therefore not expected to dominate the line width. The
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Figure 5. Plot of In avs. T~l for CARB-TCNQ (upper)
doped, (lower) undoped.

Figure 6: A plot of In p (00) vs. In <(co) on doped samples of
CARB-TCNQ.

observed narrow line widths would primarily be due to
the delocalization of the spins along a chain. The
estimated line width 5« for an electron delocalized
over N molecules is6

~ A/N'h (4)

where A is the line width for a localized spin. Calcula-
tions for CARB-TCNQ with A ~ 10 G, roughly the
total width of the TCNQ- hyperfine pattern, give
an N of the order of 103molecules.

It is not possible from the pow'der epr results to
build a convincing model for the interactions which
cause the pairing of the impurity spins. Nevertheless,
these results do show that it is possible to “n dope”
an organic semiconductor in a manner analogous to
that of inorganic semiconductors. Since “p doping”
has been observed in organic charge-transfer com-

(6) D. D. Thomas, A. W. Merkl, A. F. Hildebrandt, and H. M.
McConnell, J. Chem. Phys., 40, 2588 (1964).
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pounds,78 it appears that the electrical properties of
organic compounds are amenable to chemical alteration.
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the Department of Defense through the Northwestern
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(7) A. Rembaum, A. M. Hermann, F. E. Stewart, and F. Gutmann,
J. Phys. Chem, 73, 513 (1969).

(8) J. H. Lupinski, K. D. Kopple, and I. J. Hertz, J. Polym. Sci.,
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Volume-fixed mutual diffusion coefficients Z)v have been determined by the Rayleigh method for aqueous
AgNO3at 25° from 0.05 to 8 mol/1. A laser light source was successfully used to provide sharp fringes at all

concentrations even with bath water in the reference path of the Tiselius cell.

Our results are in good agree-

ment with previously reported optical data in the region of overlap (0.1 to 1.5 M) but differ significantly from
two discrepant series of diaphragm cell measurements for higher concentrations.

I. Introduction

Application23 of irreversible thermodynamics to
electrolyte solutions has stimulated interest in obtaining
activity, conductance, transference number, and dif-
fusion data for electrolyte solutions from which ionic
transport coefficients may be calculated. This paper is
concerned with diffusion data for the system AgNO03
HD for which t+ has recently become available.4
Harned and Hildreth6obtained good experimental data
for this system in the dilute concentration range (0.003-
0.06 M) by the restricted-diffusion conductance method,
where M is the concentration in moles per liter. Longs-
worth67 obtained data in the moderate concentration
range (0.1-1.5 M) by the free-diffusion method with
Rayleigh interferometric optics. Data extending to
higher concentrations, 4 and 9 M, have been obtained
with the diaphragm-cell method by Firth and Tyrrell8
and by Janz, et al,,9respectively. Because of inherent
uncertainties in the diaphragm-cell method and sub-
stantial inconsistencies found in the comparison of the
two sets of data, it was decided to measure diffusion co-
efficients to near saturation by the free-diffusion method
with Rayleigh interferometric optics.

1. Experimental Section

Preparation of Solutions. All solutions were pre-
pared gravimetrically. Triply distilled water was used
throughout. Baker Analytical reagent grade AgNO03
rated at better than 99.9% purity was used without
further purification. Sucrose and KC1 were used for

calibration. Sucrose was obtained from the National
Bureau of Standards and rated at better than 99.99%
pure. The KC1 was from a sample that had been puri-
fied by the method of Pinching and Bates.D Densities
for preparation of solutions were taken from the litera-
ture.11-16

(1) This work was performed under the auspices of the U. S. Atomic
Energy Commission.

(2) D. G. Miller, J. Phys. Chem,, 70, 2639 (1966).

(3) D. G. Miller, ibid., 71, 616 (1967).

(4) M. J. Pikal and D. G. Miller, ibid., 74, 1337 (1970).

(5) H. S. Harned and C. L. Hildreth, Jr., J. Amer. Chem. Soc., 73,
3292 (1951).

(6) L. G. Longsworth in “Structure of Electrolyte Solutions,” W. S.
Hamer, Ed., Wiley, New York, N. Y., 1959, Chapter 12.

(7) Data for the concentration range 0.1-1.0 M are given in ref 6 as
part of the results of thermal-diffusion experiments. Further unpub-
lished data for 0.1-1.5 M obtained by Rayleigh free-diffusion method
were graciously sent to us in a private communication and are given
in the text with Professor Longsworth’s permission.

(8) J. G. Firth and H. J. V. Tyrrell, J. Chem. Soc., 2042 (1962).

(9) G. J. Janz, G. R. Lakshminarayanan, M. P. Klotzkin, and

G. E. Mayer, J. Phys. Chem, 70, 536 (1966).

(10) G. D. Pinching and R. G. Bates, J. Res. Nat. Bur. Stand., 37,
311 (1946).

(11) G. Jones and J. H. Colvin, J. Amer. Chem. Soc., 62, 338 (1940).
(12) A. N. Campbell and R. J. Friesen, Can. J. Chem, 37, 1288
(1959).

(13) A. N. Campbell and K. P. Singh, ibid., 37, 1959 (1959).

(14) L. J. Gosting and M. S. Morris, J. Amer. Chem. Soc., 71, 1998
(1949).

(15) L. J. Gosting, ibid., 72, 4418 (1950).

(16) The densities of the solid reagents used for buoyancy corrections
were from the “Handbook of Chemistry and Physics,” 47th ed,
Chemical Rubber Publishing Co., Cleveland, Ohio, 1968.
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Apparatus. A Beckman-Spinco Model-H electro-
phoresis-diffusion apparatus was used. The instru-
ment was set in the diffusion configuration suggested by
the operating manual although the modifications sug-
gested by Creeth, et al.,I7 would have been beneficial;
other needs of the laboratory restricted modification.
A Pyrocell Tiselius electrophoresis cell with bath solu-
tion reference path was used. Free-diffusion initial
boundaries were formed with a stainless-steel capillary
which was plated with gold to prevent reaction with
silver nitrate. The bath temperature was measured
with a calibrated® mercury in glass calorimeter ther-
mometer. All experiments were performed at 25.00°
+ 0.01°.

For the first three AgNO03 and first sucrose experi-
ments the standard light source of the instrument,
mercury-vapor lamp with filters (X 5461 A), was used.
Because of the line width of this source, the fringe pat-
terns became blurred and unreadable for c greater than
0.5 M with water in the reference channel, where ¢
denotes the average concentration in moles per liter.
In the third AgN 03experiment at 1.3 M, ethylene glycol
was added to the bath water to give fringes of reasonable
quality.

For the remainder of the experiments the instrument
was adapted with a Spectra-Physics Model 115 Neon
laser, X 6328 A. The mercury-vapor lamp and con-
densing lenses were removed, and the laser was placed
on the cabinet floor with the beam reflected up and then
over to the source slit. To smooth the effect of speckle,
the beam was oscillated by passing it through a rotating
optical flat.® A reasonable intensity distribution in
the fringe pattern was obtained by placing a large
cylindrical lensd just behind the source slit to diverge
the light passing through the slit. A cylinder lens was
placed between the laser and the source slit to narrow
the beam and increase the intensity of light at the slit.
Although the alignment of the assembly was sensitive to
small variations in positions of components, once
aligned, it was stable for several days. With this light
source, sharp fringes were obtained in all experiments
regardless of concentration. The fringe patterns were
recorded on Kodak IlaF photographic glass plates.
They were read on a Grant microcomparator with card
punch output. Fringes obtained with the laser source,
however, were more grainy and more difficult to read
on the comparator than those from the regular light
source.

Experimental Procedure. Theories for the study of
diffusion processes by the Rayleigh interferometric
method are well established.21-24 In principle the
method is absolute where a magnification factor is ob-
tained from a photograph of a ruled scale placed at the
position of the diffusion cell. However, because of
problems experienced by Creeth, et al.,I7 it was decided
to calibrate the instrument with systems for which ac-
curately measured diffusion coefficients are available.
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It was assumed that problems with the optical system
for the experiments with silver nitrate in water would be
the same for the calibration experiments, and the effect
of these problems on the analysis of data would mostly
cancel.

All experiments were allowed to equilibrate for 30 min
before initiation of the experiment and at least 40 ml of
solution was removed during boundary formulation.
At the start of each experiment from three to six
photographs were taken to obtain the fractional part of
a fringe (fpf). After the fringe pattern became re-
solved, pictures were taken at regular intervals of 1/i’
until the boundary had broadened to at least one-third
of the length of the fringe pattern, where t' is the time
starting at cessation of siphoning.

Analysis of Fringe Patterns. The fringe patterns
were slightly bowed, a condition that became more pro-
nounced at higher values of c. The early pictures, used
for the fpf determination, were aligned on the com-
parator so that the straight portions of the fringe pat-
tern adjacent to each side of the boundary were parallel
to the y axis of the comparator. The fpf was then
determined by observing the fractional fringe shift
across the boundary.

Later pictures, used to determine fringe separations,
were placed so that the straight portions of the pattern
were parallel to the x axis. The alignment procedure
for reading all fringe patterns was such that by starting
on a fringe adjacent to the boundary on one side, by
shifting the pattern a fpf on the y axis and by proceeding
to a position on the x axis symmetrically located on the
other side of the boundary, the pattern was again
aligned on a fringe. With this alignment procedure,
displacements in the y direction due to bowing of
fringes within the boundary region were nearly the
same at equal distances on either side of the starting
boundary position.

By followdng the symmetrical pairing procedure out-
lined by Creeth,2the positions of symmetrical pairs of
fringes, X} and Xj~j} were measured where J is the total
number of fringes and j is an integral fringe number.
The value of the quotient of the apparent diffusion co-

(17) J. M. Creeth, L. W. Nichol, and P. J. Winzor, J. Phys. Chem,,
62, 1546 (1958).

(18) This thermometer was calibrated against an NBS calibrated
platinum resistance thermometer. Two similarly calibrated mercury
thermometers were used to check the bath temperature, and good
agreement was observed.

(19) The significant problem with speckle in the interference pattern
is apparently related to the spatial and temporal coherence of the
laser source and the narrow aperture of the source slit. Speckle
effects are discussed, for example, by B. J. Thompson in “Progress
in Optics,” Vol. VII, E. Wolf, Ed., North-Holland Publishing Co.,
Amsterdam, 1969, Chapter 1V.

(20) A 2-cm round sample bottle filled with water was used.
(21) J. St. L. Philpot and G. H. Cook, Research, 1, 234 (1948).
(22) H. Svensson, Acta Chem. Scand., 3, 1170 (1949).

(23) L. G. Longsworth, Rev. Sci. Instrum., 21, 524 (1950).
(24) J. M. Creeth, J. Amer. Chem. Soc., 77, 6428 (1955).
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efficient and the calibration constant (3 was calculated
from the expression24

(1)
where

2j -

3 = erfg 2)

Here n is the number of fringe pairs in the summation.
Every second or every fifth fringe pair was measured
and included in the summation subject to the con-
straints 2z} < 2.0 and X j-} — X, > 2.0 mm.5 The
values of the terms in the summation were generally
within £0.2% of the mean. Except for an early fringe
pattern in a few experiments, five or more fringe pairs
were included in each summation.

The measured time t', the true time t, and the initial
time correction At are related by

t=1t+ At (3)

With eq 3, eq 1 can be written as

By fitting the right-hand side of eq 4 linearly to 1/i
by least squares, one obtains D'/fi and At from the in-
tercept and slope, respectively. At least five and
usually six or more values of D'{c)/(3 were included in
this evaluation. The initial time corrections were from
10 to 50 sec.

To find the value of {3 two experiments with sucrose
and one experiment with KC1 were performed. In
addition, six of the experiments with AgNO03lie within
the concentration range where they could be compared
with the data of Longsworth. The value for the
sucrose diffusion coefficient was taken from ref 14
where a minor temperature adjustment from 24.95
to 25.00° was made by multiplying by the viscosity
ratio of water at these two temperatures. The reference
value for the diffusion coefficient of KC1 was an average
of values from ref 26 and 27. The average of KC1 and
the two sucrose solutions gave a value of 30of 4.175 X
10~6with a standard deviation a of 0.006. The average
i3 based on the data of Longsworth alone was 4.186 X
10 5 with ¢ = 0.012. An overall average value of
3 = 4.180 X 10“5with § = 0.012 was used for the
calculation of the diffusion coefficients for all the Ag-
NO3H D experiments. No significant difference was
observed between the /3s from the two different light
sources. A calibration table is available in UCRL-
73183 describing this work.B

Results. In Table | are listed the concentrations
and calculated values of the diffusion coefficients for
all the experiments on the system AgNO3H 2. Since
the volume change on mixing may be considered negli-

18%

gible, these diffusion coefficients are relative to the
volume fixed frame of reference.

Data4 for the activity of AgNO03 were numerically
differentiated to give 1 + m(d In y/dm), and a smooth
curve was drawn through the derivatives. Here m is
the number of moles per kilogram of solvent. Values
at experimental concentrations were obtained from a
least-squares fit of points taken from this smooth curve
as a function of c. Values of DV/(1 + m(d In y/dm))
have been tabulated in Table I. The previously un-
published data communicated to us by Longsworth7
are given in Table 11 with his kind permission.

I1l. Discussion

The consistency of the calibrations indicates an ex-
perimental precision of +0.25%. In spite of the
bowing of the fringe pattern only small deviations of
the values of AX/Az within each fringe pattern were
found experimentally. This is due in part to the align-
ment procedure. The equal displacement in the y
direction at distances along the x axis equally distant
from the initial boundary position increased X j and
X j-j so that the difference stayed nearly the same.

The calibration data did not reveal a dependence of
3 on index of refraction and suggest that, changes in /3
at higher concentrations would be small, if even signifi-
cant.

Effects that are first order in Ac will cancel in the
analysis procedure used here.2d Consideration of eq
37 and tabulated values of W(z), U{z), and V (2) in ref
24 show that error in calculation owing to the second-
order dependence of Ac of the diffusion coefficients will
be negligible. Some plots of Az — Ai* vs. R of the type
considered by Creeth2 were made. This type of plot
is sensitive to bowing of the fringe pattern since fringes
near the center of the pattern are matched with fringes
near the outside. The slopes of the curves were small
but opposite in sign from that expected in terms of
first-order dependence of diffusion coefficients on Ac.
A similar problem was found and discussed by Creeth,
etal. I7

Values of //Ac from experiments with the laser
source appeared to lie on a smooth curve with the ex-
ception of 5.98 M. The quality of data from that ex-
periment suggested a small error in determination of
concentration (<0.06 M) rather than a significant error
in the determination of /. The pattern for data for
[IAc from the experiments with the mercury-vapor
lamp were more scattered which suggests that less
reliance be placed on experiments 1-3.

(25) The first of these constraints eliminates fringe pairs at the ends
of the fringe pattern where minor optical distortions can cause sig-
nificant errors. The second constraint eliminates fringe pairs so
close together that uncertainties in the measurement of position
lead to significant error.

(26) L. J. Gosting, J. Amer. Chem. Soc., 72, 4418 (1950).
(27) L. G. Longsworth, J. Phys. Chem., 61, 1557 (1957).

(28) J. G. Albright and D. G. Miller, UCRL-73183,
Livermore Laboratory, Livermore, Calif.,, May 11, 1971.

Lawrence
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Table I: AgNO3Experimental Results at 25°¢
m, c, Ac,

mol kg-1 mol .71 mol I._1
0.0503“ 0.0501 0.0353
0.0978 0.0972 0.0316
0.496 0.488 0.0500
1.034¢ 1.000 0.0644
1.409¢ 1.346 0.0683
1.414 1.351 0.0636
2.148" 2.005 0.0616
4.632" 4.004 0.0579
7.552¢ 5.982 0.0606
7.588" 6.004 0.0709
9.263" 6.985 0.0704
11.160 7.986 0.0777

“ Experiments performed with laser light source.

John G Albright and Donald G Miller

D/ +
At, Dy X 10« m(d In y/dm))
J sec cm2sec-1 X 106, cm2sec-1
49.32 18 1.625 1.808
51.72 46 1.590 1.833
79.33 11 1.425 1.951
86.18 22 1.266 2.045
89.90 11 1.176 2.098
98.81 24 1.166 2.083
79.90 32 1.007 2.135
71.59 17 0.7113 2.250
84.15 51 0.5624 2.076
86.03 29 0.5640 2.082
84.71 48 0.5186 1.935
94.68 18 0.4869 1.791
_________________ 25° JR—— i A
m 10«Dv m 1M,
0.2510 1.5183 0.2511 1.9783
0.2512 1.5183 0.2508 1.9782
0.5015 1.4260 0.5018 1.8722
0.5018 1.4256 0.5018 1.8725
0.7527 1.3493 0.7531 1.7788
1.0038 1.2754 1.0040 1.6989
1.0034 1.2742 1.0030 1.6933
1.2536 1.2106 1.2544 1.6081
1.2542 1.2167
1.5052 1.1543 1.5049 1.5497
1.5044 1.1512

Table 11 :  AgNO3Experimental Results Obtained by Longsworth*
[y PR 52 | S ——— S
m IWDt m 10z
0.2511 0.7677 0.2510 11121
0.2510 0.7670 0.2512 1.1122
0.5016 0.7112 0.5016 1.0404
0.5015 0.7112 0.5022 1.0400
0.7526 0.6644 0.7525 0.9733
0.7532 0.9760
1.0037 0.6185 1.0035 0.9136
1.0036 0.6196 1.0026 0.9202
1.2544 0.5814 1.2548 0.8632
1.2532 0.8753
1.5044 0.5473 1.5058 0.8182
1.5040 0.8258

“ Each entry is the result of a separate experiment and the concentration difference in all cases was 0.1 m;
Concentrations, m, are in moles per kilogram of solvent.

varied from 70 to 80.

The experimental results are plotted in Figure 1
along with optical and conductance data from previous
workers. Our optical results are in excellent agree-
ment with Harned and Hildreth’'s conductance data6
and Longsworth’s optical data67in the region of overlap
(0.05-1.5 M). The two sets of diaphragm cell data89
are discrepant among themselves and deviate sub-
stantially from our optical data at higher concentra-
tions, as much as 20-30% from 6 to 8 M.

Janz, et al.,.9 used small concentration differences in
an attempt to get “differential” coefficients. How-
ever, small errors in analysis, even with a good method,
can yield large errors in D.

An analysis of the data of Firth and Tyrell8suggests
that significant error arose in the conversion of their in-
tegral diffusion coefficients. Since all of their experi-
ments were performed with pure water as the initial top
solution, the conversion error may be expected to be
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the number of fringes

pronounced at higher concentrations. A reasonable
comparison with their data was obtained by a recalcula-
tion of their integral values, Dant® from integrations
of the data presented here. It was found that the
average per cent-of-value difference between their
values of Dmu® and the recalculated values was only
0.12% with a standard deviation of 0.43%. The dif-
ference was slightly greater at the low concentrations,
consistent with the general observation that electrolytes
in dilute solution diffuse anomalously fast in diaphragm
cells.

As a further comparison with the diaphragm cell
method, an experiment was performed at one of the
author’s laboratories® with a diaphragm cell which
had been calibrated by diffusing 0.8 m urea into water

(29) This experiment was performed at Texas Christian University
J. G. A.) by Mr. Keichi Aoyagi.
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cl/2

Figure 1. Dv X 105(cmZ2sec) vs. (A2(mol121A 2 for the
system AgNO3H D at 25°: 0O, Harned and Hildreth;5 A,
Longsworth;6 V, Longsworth;7 O, this research; m, Janz,
etal.f 0, Firth and Tyrell.8

and 1-CH4 labeled benzene into pure benzene. This
AgNO03 experiment was performed at 25° with ¢ =
8.3469 M and Ac® = 0.8887 M. Final concentrations
were accurately determined from density measure-
ments. The measured integral diffusion coefficient
was 0.474 X 10~Gcm2sec-1 which was in good agree-
ment with the value of 0.475 X 10-6 cm2sec-1 calcu-
lated from a polynomial which was fit to the data in
Table I for c > 2.0 M.

Figure 2isaplotof 31 = Z)v/(1+ m(d Iny/dm)).

Conclusions. A discussion of the effect of ion-pair
formation on diffusion in the AGQNO3H 2 system has
been given by Janz, et al.9 Diffusion data, limiting
conductance data,® and spectral datadl support the
existence of ion-pair formation in this system. In this
regard, the continued decrease of diffusion coefficients
with increased concentration found for AgNO3H D
in this experimental work contrasts sharply with the
concentration dependence of diffusion coefficients for
KC1 and other halides in water. The latter first de-
crease and then increase with concentration.

Other nitrates also exhibit continually decreasing dif-
fusion coefficients with concentration,9 but to a lesser
extent than AgN03 This phenomenon qualitatively
suggests ion-pair formation for nitrates, and especially
so for AQN0O3 Moreover, the transference number of
Ag+ increases from 0.464 at infinite dilution to 0.622
at 9 m.4 This may suggest the existence at higher con-
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Figure 2. Diffusion coefficients for AgN 03 corrected for
thermodynamic driving force; 3IC X 105(cmZ2sec) vs. c12
(mol'/lyiA 2, 3F = DV/(1 + m{d In 7/dm)): O, Harned and
Hildreth;5 A, Longsworth;6 V, Longsworth;7 O, this research.

centrations of ion triplets of the form Ag(N082_,
which would move more slowly than Ag+.

One conclusion from the data presented here, in
contrast to that previously reported,9is that the dif-
fusion coefficients as a function of concentration do not
exhibit sharp changes in slope, and thus special mecha-
nisms to account for such changes are unnecessary.
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listed in Table Il. The authors are indebted to Dr.
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Estimating Slow-Motional Rotational Correlation Times for

Nitroxides by Electron Spin Resonance:
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A simple method of estimating slow-motional rotational correlation times tr for nitroxides by esr, which is
based on the rigorous theory of Freed, Bruno, and Polnaszek, is discussed. The results can be fit to the ex-
pression tr = o(l — Sy, where S is the ratio of the separation of the outer hyperfine extrema to that for

the rigid limit value.

The parameters a and b depend upon intrinsic line width, rotational model, and hyper-

fine parameters, and appropriate results are given.

Recently, there has been considerable interest in
the slow-motional esr spectra of nitroxide free radicals.2
In this motional region, which corresponds to rotational
correlation times 10-9 sec < tr < 10-6 sec, the line
shape can no longer be described by the earlier relaxa-
tion theories.3 Slow-motional nitroxide spectra have
been observed in viscous liquids, solids, and in the
hindered rotation of spin-labeled molecules.24

Using the methods developed by Freed, et al,,6
it is possible to interpret these line shapes in terms of
the relevant spin parameters to learn about the dy-
namics of the molecular reorientational process. This
was demonstrated for peroxylamine disulfonate (PA-
DS), (SO03AN02', where the detailed line shapes were
analyzed in terms of their dependence on A, g, an in-
trinsic line width, and the rotational correlation time,
r«.4 It was also shown that the proper analysis of
the observed spectra depends on whether the molecule
is undergoing anisotropic rotational reorientation and
whether there are significant deviations from a Brown-
ian diffusion model.

The ability to interpret these esr line shapes in terms
of molecular dynamics would be particularly useful in
the spin-label technique where changes in line shape
resulting from variations in molecular size, structure,
location of paramagnetic site, etc., could yield infor-
mation on the nature of the local molecular environ-
ment. In principle this can be done for any slow-
motional nitroxide spectrum. However, in practice,
many of the expected line shape changes are obscured
by inhomogeneous line broadening resulting from intra-
molecular or intermolecular (solvent) hyperfine and
dipolar interactions. These interactions decrease the
spectral resolution and consequently increase the diffi-
culty in obtaining useful information from the observed
line shapes.

From single crystal studies on a variety of nitroxides,
it is known that their A and g tensors are only slightly
dependent on the detailed molecular structure and that
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Az Az~ Av, where the z axis is along the 2p-7r orbital
of nitrogen, the x axis is along the N -0 bond, with the
y axis perpendicular to these.6 Thus a typical ni-
troxide slow-motional spectrum has two well separated
outer hyperfine extrema with an overlapped central
region. A useful parameter for describing these spectra
is S = A//Az where A/ is one-half the separation
of the outer hyperfine extrema and Azis the rigid limit
value for the same quantity.7 The very detailed
experimental results for PADS4 demonstrated that
S is a sensitive, monotonically increasing, function of
tr and this general type of behavior is also characteristic
of other nitroxides as studied in this laboratory as well
as in others.26J Thus, if we know how S is affected
by changes in the (1) spin parameters, (2) line width,
and (3) rotational diffusion model, then the variation
of S with tr could generally be applied to nitroxides,
and it would be possible to estimate tr without the
necessity of making detailed line shape calculations
and comparisons.

Slow-motional line shapes were calculated for com-
pletely asymmetric A and g tensors as well as for axially
symmetric models where the z axis was chosen as the
symmetry axis.8 Spectra simulated under these

(1) Supported in part by the Advanced Research Projects Agency
and by a Grant from the National Science Foundation (Grant No.
GP-13780).

(2) (@ W. L. Hubbell and H. M. McConnell, J. Amer. Chem. Soc.,
93, 314 (1971); (b) O. H. Griffith and A. S. Waggoner, Accounts
Chem. Res., 2, 17 (1969).

(3) () J. H. Freed and G. K. Fraenkel, J. Chem. Phys., 39, 326
(1963); (b) D. Kivelson, ibid., 33, 1094 (1960).

_(4_) S. A. Goldman, G. V. Bruno, C. Polnaszek, and J. H. Freed,
ibid., 56, 716 (1972).

(5) J. H. Freed, G. V. Bruno, and C. Polnaszek, J. Phys. Chem., 75,
3385 (1971).

(6) 0. H. Griffith, D. W. Cornell, and H. M. McConnell, J. Chem.
Phys., 43, 2909 (1965).

(7) R. C. McCalley, E. J. Shimshick, and H. M. McConnell (to be
published) discuss parameters closely related to S (i.e., the devia-
tions of high-field and low-field line positions from their respective
rigid limit values) in work on spin-labeled oxyhemoglobin.
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latter simplifying assumptions showed qualitative
agreement with those calculated with the asymmetric
parameters with the major differences occurring in
the central region of the spectra. For isotropic diffu-
sion, the separation between the outer hyperfine ex-
trema was unaffected (within the accuracy of our com-
puter calculations) by the approximation of axially
symmetric A and g. Thus, for simplicity, axial sym-
metry was assumed in many of the calculations. The
value of S was also found to be insensitive to variations
in Ax, gn and gx, typical of nitroxide, as long as Az
is kept constant. Changes in the magnitude of Az
however, do affect the value of S, and this dependence
can be approximately expressed in the functional form
S = S(tsA2, i.e,, S is simply dependent on the prod-
uct trAz. This functional dependence permits scaling
our results given below over the range of values of
Az typical for nitroxides (27-40 G) with an error of
less than 3%.

The experimental spectra for PADS have been com-
pared to simulated spectra calculated for models of
(1) Brownian diffusion, (2) strong jump diffusion, and
(3) an approximation to a free-diffusion model (which
gives essentially the same results as a moderate jump
model). It was shown that the calculated line shapes
were very sensitive to the choice of rotational model,
and that the spectra simulated with the approximate
free-diffusion model came closest to the observed
spectra. Slow-motional spectra observed for nitroxides
attached to larger molecules in solution exhibit line
shapes which, as expected, are more characteristic of
Browmian diffusion.7 In Figure 1, the variation of S
with tr is showm for Brownian, approximate free, and
strong jump-diffusion models,4isotropic diffusion, Az =
32 G and peak-to-peak derivative Lorentzian line widths
of 0.3 and 3.0 G. It can be seen that S is model sen-
sitive and for an equivalent value of tr,9 S increases
from Brownian to free to a jump reorientational
model. We have found that these curves can be fit to
the expression

™=a( - sy

to within 2, 3, or 5% in the value of rRfor a given S,
for jump, Brownian, or free diffusion, respectively,
with the values of a and b given in the figure caption.
It should be noted that for tr < 7 X 10-9 sec, S is un-
definable since the outer lines begin to converge to
the motionally narrowed spectrum. For longer «r's
than shown in Figure 1, the spectrum approaches the
rigid limit, and the value of 1 — S become comparable
to experimental uncertainties.

As previously noted, the detailed esr slow-motional
line shape can be greatly affected by the presence of a
large intrinsic line width resulting from unresolved in-
homogeneous line broadening. It is often difficult to
estimate the size of this intrinsic width directly from
the slowFmotional spectra without detailed spectral
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Figure 1. Graph of (1 — S) vs. «. for nitroxides for different
models of isotropic rotational reorientation (from computer
simulation). Curves A and B are for Brownian diffusion and
derivative widths 5 = 0.3 and 3.0 G, respectively, curves C and
D are for a moderate jump diffusion and 5 = 0.3 and 3.0 G,
respectively, and curves E and F are for strong jump diffusion
and 5 = 0.3 and 3.0 G, respectively. Curves may be
approximated by tr = o(l — S)bwith (A) a = 2,57 X 10-10
sec, b= —178;, (B)a=54 X 10“106 = -1.36; (C)a =
6.99 X 10“Q b= -1.20; (D)a = 110 X 10~9 b = -1.01;
(E) a = 246 X 10“9 b= -0.589; (F)a-=

255 X 10-9 b = -0.615.

simulations. Moreover, in many experimental situa-
tions, the magnitude of the inhomogeneous line broad-
ening may increase as the rotation slows. Some es-
timate of the intrinsic line width and its variation with
tr can be obtained from line width measurements in
both the motional-narrowing and rigid limits. In the
studies on PADS, the intrinsic line width, for tr < 7 X
10~8sec, was only slightly larger than for the motional-
narrowing region, and only for longer tr the line width
increases to the rigid limit value. The effect of line
width on the value of S is shown in Figure 1. For
Brownian and free diffusion models, S increases with
increasing line width, while for jump diffusion a decrease
in S is observed. The uncertainty in estimating tr,
due to an uncertainty in intrinsic line width, for a given
value of S, increases for longer tr. Thus for a Browm-
ian diffusion model, and a 1.5 G uncertainty in the in-
trinsic width, the uncertainty in calculating «r for a
given value of S increases from about 5% for tr ~
1 X 10-8 sec, to about 50% for tr ~ 1 X 10-7 sec to

(8) Cf. ref 4 and 5 for the method. Typical axial-symmetry simula-
tion times for Brownian diffusion on an IBM 360/65 computer are
<6 sec for tr < 3 X 10-~8sec to 40 sec for tr~ 3 X 10 sec when
a rapid diagonalization subroutine developed by Messenger and
Gordon (to be published) is utilized. Asymmetric simulations are
longer, €.0., <70 sec for tr < 3 X 10-8 sec including nonisotropic
diffusion. Our nitroxide programs are available upon request.

(9) tr is normalized so that in the motional narrowing region, all
models give the same line widths for the same value of tr; cf. ref 4.
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an order of magnitude for rR> 1 X 10-6 sec. We find
that linear interpolations along the vertical line be-
tween the curves A and B (or C and D, or E and F)
give the correct results for intermediate line width
values.

The curves in Figure 1 were calculated for isotropic
rotational reorientation. For anisotropic diffusion,
the approximation of axial symmetry for the spin
parameters may no longer be valid and the anisotropic
parameters must be used. For simplicity, the rota-
tional diffusion tensor can often be assumed to be ax-
ially symmetric with its symmetry axis z' = X, y, or z
of the molecular fixed axis. 10 Thus R\ and are
the components of the rotational diffusion tensor about
the z' and the x' and y' axes, respectively. For z' =
2 and R\[ > R4, i.e., fast rotation about the molecular
z axis, the results are relatively straightforward. This
type of rotation preserves the approximate axial sym-
metry of the spin parameters, and the observed value
of S is the value expected for isotropic diffusion and
ts = (QR”™1 For relatively more rapid diffusion
about the x or y axes, the results are more complicated.
For small anisotropies about these axes, i.e., R\ £=

Eileen McLaughlin and R W R ozett

3/ft, the value of S is very slightly changed from the
value calculated for isotropic diffusion and = (6-R)-1
= 1/6CRx” ii) W) but this corresponds to a decrease of
about 8% in the apparent value of tr obtained from
Figure 1. For larger anisotropies, a decrease in the
value of S is observed (e.g., for tr = 3.0 X 10~§
Brownian diffusion, and a line width = 0.3 G, S de-
crease from 0.931 for R\\VRL = 1to0 0.897 for R\\VRt =

20 or an apparent decrease in tr obtained from Figure
1 by a factor of 2). The magnitude of this decrease is
independent of whether the x or y axis is the symmetry
axis. However, in general, if the axis of rotation is
unknown, or does not correspond to a molecular co-
ordinate axis, or if the rotation is completely asym-
metric, then estimates of the components of the rota-
tional diffusion tensor can only be obtained from de-
tailed spectral simulations.8 Further detailed studies
of other nitroxides in terms of the general theory45
and the simplified method discussed here are of interest
and are being pursued in part in our laboratories.

(10) This is a good approximation for R/ » RXx', Rv' with Rt

defined as Rx = (R* + Ry')/2.

The Monoisotopic Mass Spectra of Borane Derivativesl
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The monoisotopic mass spectra of borane derivatives are calculated by a least-squares computer technique

from polyisotopic information.

Alkyl boranes,

carboranes, and borane derivatives containing bromine,

chlorine, sulfur, nitrogen, oxygen, deuterium, many metals and any monoisotopic element can be handled.

Elemental formulas for ions can be established.

As examples we investigate the following borane derivatives:

BioHgNi, CB4H8 CHXBH8 (CH3XB&6 (CH32XBM7 and (CH332CB8&848 Finally the sources of error

in the procedure are discussed.

Introduction

The mass spectra of borane derivatives which con-
tain elements with a significant fraction of a second or
third isotope are even more complex than the polyiso-
topic mass spectra of the boranes, B,Hm For ex-
ample, in the mass spectrum of decaborane-14, in the
mass region of ten boron ions, 165 isotopic variants
occur if one takes into account only the boron isotope
combinations. If in addition the deuterium variants
are counted, 1254 ions could be found. The small
natural abundance of deuterium makes the hydrogen
case trivial, but the same cannot be said for the pres-
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ence of 1 in alkyl boranes and carboranes, or for
3fC1 and 8Br in haloboranes (see Table 1 X).

If the mass spectrum is taken to study Kinetic or
mechanistic details of reactions, the complicated poly-
isotopic data may be looked upon as a mask hiding
monoisotopic information. But from another point of
view, the isotopic variation contains additional infor-
mation which may be used to identify the ions present

(1) This research was supported in part by the Petroleum Research
Fund administered by the American Chemical Society (PRF 1233-
G2). The instrumentation was supplied in part by the National
Science Foundation (GP 8220) and by the New York State Science
and Technology Foundation (NYSSF (6)-13).
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Table I : Isotopic Variants of CB2+

Mass k 1 n m r(k,1)

44 2 0 2 0 1.0000

45 2 0 1 i 1.0000

45 1 1 2 0 2.2449 X 10“2
46 2 0 0 2 1.0000

46 1 1 1 1 2.2449 X 10“2
46 0 2 2 0 1.2599 X 10~4
47 1 1 0 2 2.2449 X 10“2
47 0 2 1 1 1.2599 X 10"4
48 0 2 0 2 1.2599 X 10-4

in the spectrum. It is hardly novel to use the charac-
teristic cluster of intensities due to isotopic variants to
determine the elemental composition of ions.2 How-
ever, the technique is especially useful in the boranes
because of the significant percentage of 1B (20%).
Ditter, Gerhart, and Williams showed how the formulas
of carboranes could be inferred from their characteristic
isotopic patterns.3 Their technique used successive
approximations and was a tribute to their persistence.
In this paper we report a computer method which auto-
matically and exactly determines the elemental com-
position of borane ions and the ions of borane deriva-
tives from their polyisotopic mass spectra. The com-
puter program (Table Il) calculates the exact isotopic
cluster for boron and another element with a pair of
isotopes and provides a least-squares-fitted monoiso-
topic spectrum. While calculating the monoisotopic
spectrum a quantitative measure of the fit of the result
is generated. Using this, one may choose between al-
ternate elemental compositions for all the ions in the
spectrum. In this respect the procedure represents a
substitute for the high-resolution mass spectroscopy of
the carboranes.4

After discussing the theory of the clusters of inten-
sities due to several elements with isotopic variants, we
illustrate the technique with BioH 8N4 and some alkyl
boranes and carboranes. Other borane derivatives
which may be handled in this fashion are also discussed.
Finally, the sources of error in the procedure and its
limitations are detailed.

Method

The procedure for calculating the monoisotopic mass
spectra of molecules containing several elements, each
with a pair of isotopes, can be formulated as follows.
The measured intensity at any mass, P {, is the sum of
the abundances, pijt due to the different formulas which
have one or more isotopic variants at that mass. These
in turn may be expressed in terms of the intensity of the
monoisotopic ion with the same formula, m3 as in

Pi = YjVu = Ti'n'mj 1)
3 3

To calculate a monoisotopic mass spectrum one must

1861

r{n,m) r(k,I;n,m) rii

5.9505 X 10-2 5.9505 X 102 5.9505 X 10-2

4.8787 X 10-1 4.8787 X 10->

5.9505 X 10"2 1.3358 X 10“3 4.8921 X 10-
1.0000 1.0000

4.8787 X 10-1 1.0952 X 102 1.0110

5.9505 X 10-2 7.4970 X 108

1.0000 2.2449 X 10-2

4.8787 X 10“1 6.1467 X 106 2.2511 X 10"2
1.0000 1.2599 X 104 1.2599 X 10-4

first evaluate the coefficients, r{j, from statistical con-
siderations. Then the simultaneous linear equations
described by (1), one equation for each experimental
intensity, must be solved for the m-.

The rt] may be calculated from the following eq
2-6.6 The procedure is illustrated for the formula
CB2+ in Table I. We assume that the ion under dis-
cussion has n atoms of one isotope of an element and
m atoms of the second isotope. The fractional abun-
dance of the ion, a(n,m), is a function of the gross
abundance of the first isotope, /i, and of the second
isotope, /2

a(n,m) = w{n,m)JIfan 2

The statistical weight factor, w(n,m), is a binomial
coefficient. It expresses the number of ways of ar-
ranging n things of one kind and m things of another
kind without regard to order

w(n,m) = (n + m)l/nim! ?3)

The relative abundance of the ion, r(n,m), is the ratio
of the fractional abundance of the ion to the abundance
of the pure isotopic variant of the same formula

r(n,m) = a(n,m)/a(0,n + m) 4)

For example, in Table | the abundance of XB?2+ relative
to nB2+ is listed under r(n,m) as 5.9505 X 10-2. This
number was calculated by inserting n, i.e., 2, the num-
ber of atoms of the lighter isotope, m, i.e., 0, the num-
ber of atoms of the heavier isotope, and the natural
abundance of the boron isotopes into eq 2, 3, and 4.
Let us now suppose that the ion in question contains
two elements, each with a pair of isotopes and that
there are n and m atoms of the isotopes of the first
element, and k and | atoms of the two isotopes of the
second element, respectively. The abundance of the

(2) J. H. Beynon, “Mass Spectrometry and Its Applications to
Organic Chemistry,” Elsevier, Amsterdam, 1960, p 305.

(3) J. F. Ditter, F. J. Gerhart, and R. E. Williams, Advan. Chem.
Ser., No. 72, 191 (1968).

(4) R. L. Middaugh, M. T. Brady, and W. L. Budde, Midwest
Regional Meeting of the American Chemical Society, St. Louis,
Mo., Oct 1971.

(5) B. Pari,
N. Y, 1967.

“Basic Statistics,” Part Ill, Doubleday, New York,
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Table Il
c MONO ISOTOPIC BORANE MASS SPECTRA MICS 1
¢ BORON-CARBON-HYDROGEN MASS SPECTRA MICS 2
¢ MICS 3
c R Vi ROZETT CHEMISTRY DEPARTMENT 5/71 MICS 4
c FOROHAM UNIVERSITY BRONX,N.Y. 10458 MICS 5
c MICS 6
DIMENSION A (1000),PK1250),POLMAS(125),PKSUMIL25),NAME!10), MICS 7
1 AUXI1200), IPIVI 100),IB(100),IH(100),IC(100),IX (100),0NEMASI 100), MICS 8
2PKONEIL00) MICS 9
DATA IDNO/O/ ,EPS/1.0E-07/,FRCTB1/.8039/,FRCTBO/.1961/MICS 10
DATA MAX1/1000/,MAX2/250/,MAX3/125/ »MAX4/100/ MICS 11
¢ MICS 12
c ALTERNATE ISOTOPES OF B10/B1l1 DERIVATIVES MICS 13
c H H/0 ci12/c13 BR79/81 CL35/37 N14/N15 MICS 14
c 016/018 $32/S34 MICS 15
c MICS 16
c FRACTIONAL ABUNDANCE AND MASSES OF OTHER ELEMENTS MICS 17
c DATA FRCTC2/0.0000/,FRCTC3/1.0000/,MASC13/00/,IDIF/1/ MICS 18
c DATA FRCTC2/.99985/,FRCTC3/.00015/,MASC13/02/,IDIF/1/ MICS 19
DATA FRCTC2/0.9889/,FRCTC3/0.0111/,MASC13/13/,IDIFI/1/ MICS 20
c DATA FRCTC2/0.5054/,FRCTC3/0.4946/,MASC13/81/,IDIF/2] MICS 21
c DATA FRCTC2/0.7553/,FRCTC3/0.2447/,MASC13/37/,IDIF/2]/ MICS 22
c DATA FRCTC2/0,9963/,FRCTC3/0.0037/,MASC13/15/,IDIF/1/ MICS 23
c DATA FRCTC2/=299759/,FRCTC3/.00204/»MASCL13/18/,IDIF/2] MICS 24
c DATA FRCTC2/0.9500/,FRCTC3/0.0422/,MASCI3/34/,IDIF/2] MICS 25
c MICS 26
c TITLE CARD MIN/MAX MASS IN POLY SPECTRA,MIN/MAX NO OF BORONS, MICS 27
c HYDROGENS AND OTHER ELEMENTS MICS 28
114 READ!1,4 , END=99)ICODE, MASSMN, MASSMX, NAME, NUMBMX, NUMHMX, NUMCMX , NUM8MICS 29
IMN,NUMHMN,NUMCMN MICS 30
4 FORMAT{315,10A4,612»5X»412) MICS 31
95 NUMPOL=MASSMX-MASSMN+1 MICS 32
20 AOD=G.0 MICS 33
IcoL=0 MICS 34
MAXROW=NUMPOL MICS 35
11 DO 79 1=1, MAXI MICS 36
A< 1)=0.0 MICS 37
79 CONTINUE MICS 38
DO 33 1=1,MAX4 MICS 39
ONEMASII)= 0. MICS 40
PKGNE(I )=0. MICS 41
PKSUMII)=0. MICS 42
33 CONTINUE MICS 43
DO 32 1=1,MAX2 MICS 44
PK(I>=0.0 MICS 45
32 CONTINUE MICS 46
c MICS 47
c DATA INPUT MICS 48
c INTRODUCE THE INTENSITIES FRCM LOW MASS TO HIGH MICS 49
98 READ!1,3MPKSUMII),I=1,NUMPOL) MICS 50
? FORMAT(1615) MiCs -
3 FORMAT (12F6.2) MiCs 52
¢ MiCS 53
c INTRODUCE THE FORMULAS FROM LOW MASS' TO HIGH MASS- MicCs 54
c BLANK CARD AFTER LAST FORMULA MICsS 55
c NUMX IS THE MASS APART FROM C,H,B MiCS 56
651 READ!1,2 ,END=99)NUMB,NUMH, NUMC, NUMX MicCsS 57
IFINUMB+NUMH+NUMC+NUMX.EQ.O0) GO TO 655 MiCsS 58
652 MASS2=NUMS*11+ NUMH+NUMC*MASCLI3+NUMX MICS 59
IF(MASS2.LT.MASSMN) GO TO 651 MICS 60
MASS1=MASS2-NUMB-NUMC=*IDIF MicCs 61
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Table Il

(Continued)

IcCoL=7TCOL+1 MICS
ONEMASIICOL)=MASS2-NUMC®=*I DIF MICS
IS(ICOL)=NUMB MicCsS

IH (ICOL)=NUMH MICS

ICI ICOL)=NUMC MICS

IXI 1COL)=NUMX MICS

NUMB X=NUMB+1 MICS

NU =MASSI-MASSMN+(ICOL-1)*MAXROW MICS
NUMCX=NUMC=+1 MICS

IF IMASS1T .GE.MASSMN)GO TO 660 MICS
IB(ICOL 12999 MICS

. MICS
c COEFFICIENT MATRIX OF SIMULTANEOUS EQNS MICS
660 00 654 NUMBI1l=1» NUMBX MICS
NUM=NU+NUMBI11 MICS
8ABUN=RL ABUNINUMB, NUMBI1 ,FRCTBI1,FRCT80) MICS

DO 659 NUMCI1I3=1» NUMC X MICS
NUMCI2=NUMC-NUMC13+2 MICS
IF(IB(ICOL).NE.999)GO TO 657 MICS
MAS=MASS1+NUMCI3*IDIF+NUMBI11-10 IF-1 MICS
IFIMAS.LT.MASSMN) GO TO 658 MICS

657 A(NUM)=AINUM)+RLABUN<NUMC,NUMCI12,FRCTC2,FRCTC3)*8ABUN MICS
658 NUM=NUM+ID I F MICS
659 CONTINUE MICS
654 CONTINUE MICS
GO TO 651 MICS

655 MAXCOL=ICOL MICS

c MICS
DO 78 1= 1, NUMPOL MICS
POLMAS(I )=MASSMN+ADD MICS
ADD=ADD=+1. MICS

78 CONTINUE MICS
N=NUMPOL+1 MICS

DO 200 I=N*MAX3 MICS
POLMASI!I)=0. MICS

200 conTinuE Mics

c MICS
c DATA PRINTOUT MICS

780

980
981

40

w N e

WRITE(3,34)NUMBMX, NUMHMX , NUMCMX,FRCTB1

,NUMBMN,NUMHMN, NUMCMNMIC S

»FRC TC2 »NAME MICS
FORMAT!«1* T20,"MONOISOTOPIC MASS SPECTRA OF BORANES £ DER IVATIVESMICS
I FROM BORANE B*, 12,«H*, 1 2,«Ce,12,10X,=FRACTION B1l1= MICS
*«F6.4/%* TO BORANE B*, 12 ,"He ,12,'C ,12,10X,=FRACTION CIMICS
2= LF6.4»15X* 1CA4/) MICS
WRITE (3» 780) MAXROW, MAXCOL MICS
FORMAT 1'0*,T20," MAXROWG=",15, MAXCOL=*,15) MICS
WRITEL13,981) MICS
WRITE(3,980)!POLMAS!I), PKSUM(I1),1 =1, MAXROW) MICS
FORMAT!4 <5X,F10.1,F10.4)) MICS
FORMAT!*0 EXPERIMENTAL INTENSITIES AND MASSES - /1) MICS

MICS
LEAST SQ SOLUTION OF SIMULTANEOUS EQNS I1IBM SSP) MICS
CALL LLSQ!'!A , PKSUM, MAXROW, MAXCOL, I ,PKGNE, IPI1V, EPS, 1ER, MICS
AUX) MICS

MICS
FRACTION OF SUM OF PEAKS AND BASE RELATIVE INTENSITY MICsS
SUMONE= 0. MiIcCs
ONEMAX= PKONEC(I) MICS
DO 39 1=1,MAXCOL MiIcCs
IFIPKONE(I1))39,39,40 MICS
SUMONE= SUMONE + PKONE!I) MiICs
IF I PKONE! I) ONEMAX) 39, 39, 38 MICS
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62
63
64
65
66
67
68
69
7C
71

72

73

74
75
76
77

78
79

80
81

82
83
84
85
86
87
88
89
90
91

92
93
94
95
96
97
98
99

I1CO

101
102
103
104
105
106
107
108
109
10
11
12
113
114
115
1

1

[N

16
17
118
119
120

123
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38 ONEMAX= PKONE(I) Mics 124
39 CONTINUE MICS 125
ONEMAX= 100./ONEMAX MICS 126
SUMONE= 100./SUMONE MICS 127
MICS 128

SOLUTION PRINTOUT MICS 129
WRITE(3,35) MICS 130
SUMNEG=0.0 MICS 131
DO 37 1=1» MAXCOL MICS 132
CLAST= PKONEI | 1*SUMONE MICS 133
IFi CLAST 1115 ,116 ,116 MICS 134
115 SUMNEG=SUMNEG+CLAST MICS 135
116 CONTINUE MICS 136
RE L= PKONE!I)40NEMAX MICS 137
J=ONEMAS(1) MICS 138

PK 1J )/=REL MICS 139
IF(REL.LE.O.O) PK(J)=6G.0 MICS 140
WRITE!3,36) | ,ONEMAS!II), PKONE!I), REL,CLAST, IB!Il), IH!I), IC( 1), IX! DMICS 141
36 FORMATI!IIL10,2F15.3,10X,2F15.3, 1-0X,415) MICS 142
37 CONTINUE MICS 143
35 FORMAT!I'O PEAK NO. BIl MASS BIl INTENSITY MICS 144
2 REL FRCT B H c X -/1) MICS 145
B=MAXROW MICS 146
AUX (1)= SORTIAUX!IL1)/B) MICS 147
WRITE 13,117)1ER,AUX!1),SUMNEG MICS 148
117 FORMAT 1 *0 | ER= 15, LST SQ RMS = LUE15.7 % NEGATIVMICS 149
1ES = *»F1 6 .5) MICS 150
IF1 IDNO.EQ.O) GO TO 114 MICS 151
L=ONEMAS(1) MICS 152
LL=ONEMASIMAXCOL) MICS 153
WRITE!2,3) I1PKII),l=L,LL) MICS 154
GO TO 114 MICS 155
99 CALL EXIT MICS 156
END MICS 157
MICS 158

FUNCTION RLABUNIN,K,FRCTKI1,FRCTK?2) MICS 159
REAL*8 FRCTK,FRCTL,UNUM,DNOM1 ,DNOM2,W MICS 160
CALCULATES RELATIVE ABUNDANCES OF MIXED ISOTOPE MOLECULES MICS 161
IF(N.NE.O)GO TO 68 MICS 162
RLABUN=1.0 MICS 163
RETURN MICS 164
68 FRCTK=FRCTKI MICS 165
FRCTL=FRCTK?2 MICS 166
UNUM=1.0D 00 MICS 167
DNOM1=1.0D 00 MICS 168
DNOM2=1..0D 00 MICS 169
KK=K-1 MICS 170

IF (KK)60,60,61 MICS 171

61 DO 62 1=1,KK MICS 172
62 DNOMI=DNOMI*DFLOAT(I ) MICS 173
60 KKK=N-K+1 MICS 174
IF (KKK)63,63,64 MICS 175
64 DO 65 1=1,KKK MICS 176
65 ONOM2=DNOM2*0FLOAT(I ) MICS 177
63 DO 66 1=1,N MICS 178
66 UNUM=UNUM*DFLOAT< I) MICS 179
67 W=UNUM/(ONOMI*DNOM?2) MICS 180
RLABUN=W*FRCTL**IN-K+2)/FRCTL*FRCTK**K/IFRCTK**IN=+I) ) MICS 181
IF(RLABUN.LT.1.0D-12)RLA8UN=1,.00-12 MICS 182
RETURN MICS 183
END MICS 184
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ion relative to that of the pure isotopic ion is the
product of the separate relative abundances for each
element. The probability of the occurrence of the
isotopic variation in element 1 is independent of the
isotopic arrangement in element 2

r(n,m;k,l) = r{n,m)r{k,l) (5)

For example, in Table | the relative abundance of
X1 1B2+, r(1,1;2,0), is listed as 1.3358 X 10~3 It
is the product of the abundance of ,2C13 relative to
1AC2 2.2449 X 10-2, and the abundance of 1B2relative
to UB2 5.9505 X 10-2

If two or more ions with the same formula but with
different numbers of each isotope {n‘',m'k"V) occur at
the same mass, the abundance of the ions in question
relative to the pure isotopic ion is the sum of the
separate relative abundances. The two probabilities
are mutually exclusive

r(n,m;k,I;n",mrk",V) = r(nmk,I) + r(n’,m";k",V) (6)

In Table | for instance two isotopic variants of the
formula CB2+ occur at mass 45, 1220BnB+, and
1 B2+ Their relative abundances are 4.8787 X
10_1 and 1.3358 X 10~3 respectively. The relative
abundance of all isotopic variants of formula C2B2+
which occur at mass 45 is the sum of these abun-
dances, or 4.8921 X 10-1. With these formulas all
the coefficients rtj may be calculated. The i index
specifies the mass of the isotopic variant; the j indi-
cates a specific elemental formula.

Finally one must solve the simultaneous equations
(one for each experimental intensity) for the monoiso-
topic intensities (one for each monoisotopic formula).
A least-squares technique which avoids the pitfalls of
the usual procedure for calculating monoisotopic mass
spectra has been described in recent compilation of the
monoisotopic mass spectra of the boranes.6 The pro-
gram of Table Il, MICS, is a generalization of the pro-
gram published previously, MIBS, and replaces it.

Examples

Tables 111 to VIII contain the results for six com-
pounds derived by the MICS program from published
polyisotopic mass spectra. In Table Ill, for example,
the formulas and monoisotopic intensities for BmHsINh
are given.7 These were derived in the following way.
The published polyisotopic mass spectrum, the natural
abundance of the boron and nitrogen isotopes, and a
chemically reasonable set of formulas were fed into
MICS. The program calculates a least-squares-fit set
of monoisotopic intensities and provides the root-
mean-square deviation of the derived monoisotopic in-
tensities from the original data. Should negative in-
tensities result, the solution is easily restricted to posi-
tive monoisotopic intensities by removing the formula
of the offensive peak and resolving for the intensities.

1865

Table 11l: B 10H &N 4

Mass Formula Intensity
105 b 9h 6+ 1.4
106 b 9h 7+ 2.9
107 b 9 8+ 2.1
110 B io+ 42.3
111 B,oH + 17.4
112 b 10n 2+ 48.1
113 b 10n 3+ 7.0
114 b 10n 4+ 40.6
115 b 10n 5+ 15.5
116 b 10n 6+ 100.0
117 B 10H ,+ 9.1
118 b 10n 8+ 99.4
145 b 10h 7n 2+ 6.2
146 B 10H sN 2+ 80.9
173 b 10n 7n 4+ 4.5
174 b 10n 8 4+ 69.5

RM D 0.21
Table IV: c284H 8

Mass Formula Intensity
69 c 2 4n + 20.5
70 c 2b 4n 2+ 9.4
71 c 2o 4n 3+ 20.3
72 c 2b 4n 4+ 8.8
73 c 2o 4n 5+ 100.0
74 c 20 4n 6+ 70.4
75 c 20 4n T+ 2.2
76 c 20 4n 8+ 57.7

RM D 0.49
Table V: cIRCBsH,

Mass Formula Intensity
79 c 2 5+ 5.9
80 c 20 5n + 10
81 c 2b 5h 2+ 4.1
83 c 2o 6h 4+ 9.3
84 c 2b 5h 5+ 26.0
85 c 2 5h 6+ 15.9
86 c 2b 5h 7+ 65.4
87 C 2B 5H s+ 61.9
88 c 2b 50 9+ 87.4
89 c 2o 6n 10+ 8.4
90 c 20 6n ,+ 100.0

R M D -3

Other reasonable sets of formulas were then run, and
the set with the lowest root-mean-square deviation is
reported in Table I1l1. A natural abundance of 19.61%
was used for 1B and 0.37% for IBN. Either of these
figures could cede to new evidence. For boron es-

(6) E. McLaughlin, T. E. Ong, and R. W. Rozett, J. Phys. Chem,
75, 3106 (1971).

(7) R. L. Middaugh, Inorg. Chem,, 7, 1011 (1968).
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Table VI: (CH32XB6H6
Mass Formula Intensity
117 c b bh 3+ 10.0
118 c b bh 4+ 6.4
119 C4B 6H 5+ 9.6
120 CB6H6+ 8.4
121 chdh bh 7+ 8.0
122 c b h 8+ 8.3
123 cdb th 9+ 13.7
124 c b & I+ 25.3
125 chdh b ,+ 8.7
126 CBeH 12+ 100.0
RMD 0.78
Table VII: (CH3)XBM7
Mass Formula Intensity
128 cd ,h 3+ 0.0
129 cd ,h 4+ 2.3
130 c 4 ,h 5+ 1.8
131 cdh , + 7.8
132 chd ,h,+ 0.0
133 c b ,h 8+ 15.7
134 cdb ,h 9+ 13.9
135 c4b ,h 10+ 19.0
136 chh  + 18.8
137 cd ,h 12+ 1.7
138 cdb Th 13+ 100.0
RMD 0.85
Table VIII: (CH32C2B8HS8
Mass Formula Intensity
140 c b 8n 4+ 1.9
142 c b & 6+ 6.7
143 cdo &, + 3.8
144 cd & 8+ 2.9
145 cdb & 9+ 13.8
147 cdo 8n ,+ 26.5
148 c 4o sh 12+ 43.7
149 C4B HH 1B+ 15.2
150 cdb & 14+ 100.0
RMD 0.94

pecially, variable natural abundances have been ob-
served and isotope enrichment may occur during chem-
ical processing.7

The other carboranes and alkyl carboranes studied
were processed in the same fashion.3 They include
CB4HS8 (Table 1V), CHXB&8 (Table V), (CH32
CB@6 (Table VI), (CH3ZBM7 (Table VII), and
(CH32ZB8H8 (Table VIII). The results must be used
with the caution that the polyisotopic spectra were
published as line drawings. More accurate mono-
isotopic spectra could be derived from digital data.
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Other Derivatives of the Boranes

Table 1X lists the more common polyisotopic ele-
ments which can be handled by the MICS program in
addition to boron. As we note, only two isotopes of the
elements are permitted, so sulfur and oxygen deriva-
tives of the boranes are handled by neglecting nO, 3%,
and 3IB. These isotopes are present in such small
abundance that the approximation is excellent. Any
one of the following metals may replace any one of the
elements in Table VIII: Cu, Ga, Rb, Ag, Sb, Eu, Lu,
Re, or Ir. The common factor is the presence of a pair
of isotopes (or a close approximation), with the lower
isotope in sufficient abundance. The program solves
for the monoisotopic abundance of the lighter isotope.

Table IX: Fractional Abundances in Borane Derivatives
TBr 0.5054 8IBr 0.4946
3C1 0.7553 3rC1 0.2447
318 0.950 34g 0.0422¢
12c 0.9889 13Q 0.0111
14N 0.9963 16N 0.0037
i<0 0.99759 18Q 0.002046
™ 0.99985 2H 0.00015

“ We must neglect 3S (0.0076) and 3S (0.00014). 6O0mitting

170 (0.00037).

If BjPyMj represents the formulas of compounds
which can be handled, then P stands for any one of the
polyisotopic elements previously mentioned, while M
stands for any combination of the following (at least
approximately) monoisotopic elements: H, F, I, P,
Be, Al, As, He, Na, Cs, Co, Au, Bi, Sc, Y, Nb, Rh, La,
Tb, Ho, Tm, and Ta. In addition ions such as C,Hm+
in carboranes and HC1+, or Br+ in haloboranes, are per-
mitted. Any combination of x, y, or z may be zero in
the formula above. This feature is especially helpful
for removing background peaks such as HD + or N2+.

Some special note should be taken of the deu-
terium derivatives of the boranes. The naturally
occurring deuterium content of the boranes may be
taken into account explicitly and exactly. The effect is
usually undetectable, but it becomes more important
as the number of hydrogen atoms in the ion increases.
In BAHZA for example, the first isotopic peak has a rela-
tive size of 0.00015 X 26 or 0.0039.8 Since the largest
possible peak is 100, the largest contribution possible
is 0.39. Hydrogen, consequently, can be treated as
a monoisotopic element. Deliberately deuterated
boranes can be treated exactly if the deuteration is
random and not site-selective. The statistics used to
calculate the coefficients of eq 1 assume random occupa-
tion of the combinations. Even here the deuterated

(8) F. W. McLafferty, “Interpretation of Mass Spectra,” W. A .
Benjamin, New York, N. Y., 1967, p 210.
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borane could be accommodated by treating the site-
selective deuterium as a monoisotopic element in the
ions in which it occurs.

Error Analysis

Several limitations on the use of the technique have
been noted above or previously published. It was said,
for example, that the mass spectrum of BAHXcould not
be resolved into a monoisotopic spectrum.6 This was
rather hastily attributed to the presence of impurities,
though the spectra of other boranes could be resolved
despite the presence of nonboron peaks. To study the
problem we calculated an arbitrary but exact polyiso-
topic spectrum for BDH2Z and proceeded to find the
cause of our previous failure. The neglect of the na-
tural abundance of deuterium was found to be unim-
portant. The presence of perturbed intensities was no
more troublesome than in other molecules. It was
noted, however, that the contribution of any one
formula to a measured intensity is quite small since
each ion containing 20 boron atoms will be spread over
21 separate masses. In fact, rounding errors are of the
same order of magnitude as the contribution of the
monoisotopic formula to the measured intensity.
With the idea that it would be more sensitive to solve
for the most abundant ion rather than for the pure iso-
tope, we wrote a program which solved for intensity
of the 17 times more abundant nBi61B4 rather than for
uBA) This proved to be no improvement. The pro-
cedure merely multiplies the coefficients in (1) by acon-
stant, with no effect on the results. Finally, it was dis-
covered that the number of significant figures in the
polyisotopic data was the controlling factor. If four
significant figures after the decimal are used, good in-
tensities and no negatives are generated. With three
places, tolerably accurate intensities are produced. With
two places about 1% of the sum of the intensities are
negative. One place produces 12% negatives and com-
pletely meaningless intensities in the monoisotopic
spectrum. Since our previous data had been read from
a graph to the nearest integer, the failure to produce an

acceptible monoisotopic spectrum from the experi-
mental information is not surprising.9 The conclusion
we must draw is that the monoisotopic mass spectra
from boranes with higher molecular weights can only be
generated from increasingly more precise polyisotopic
intensities.

Finally one might mention some limitations. First
of all, not all polyisotopic mass spectra can be resolved
into monoisotopic intensities by any method. When-
ever there are more monoisotopic peaks to be estab-
lished than there are polyisotopic measurements to
determine them, the problem is mathematically in-
soluble. For example if BD3+, CD2+, and ND+ are
present simultaneously, all isotopic variants will occur
at masses 16 and 17. Measurements at these two
masses are insufficient to determine the three monoiso-
topic intensities. For the sake of argument we have
assumed that the mass spectrum is a low resolution
measurement, and no 'H is present. Secondly, some
polyisotopic mass spectra cannot be resolved into
monoisotopic spectra even though in theory they fulfill
the mathematical criterion mentioned above. If a
sufficient number of polyisotopic peaks do not extend
above the detection threshold of the mass spectrometer
in question, then the experimenter as a matter of fact is
unable to resolve the spectrum with the data available.
A third limitation occurs when we attempt to resolve
the mass spectrum of two similar complex ions. Each
ion determines a column of coefficients in the set of
simultaneous equations described by (1). If these
columns are quite similar, the two columns of the matrix
of coefficients are not mathematically independent, and
the least-squares matrix method cannot be carried out.
This is particularly true if both monoisotopic formulas
occur at the same mass. If B8Hii+ and B6+, both at
mass 66, are part of a spectrum, their similar coefficients
prevent simultaneous solution; one or the other must be
chosen. For simpler ions this limitation is not im-
portant.

(9) L. H. Hall and W. S. Koski, J. Amer. Chem. Soc., 84, 4205
(1962).
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Efficiency of the Electrochemiluminescent Process
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A steady-state analysis is presented for electrochemiluminescence produced by a periodic driving voltage.
The light emission efficiency is calculated and the results are compared with measurements made on a system
of rubrene-tetra-n-butylammonium perchlorate-benzonitrile. The theory indicates that the losses inherent
in cyclic operation should only limit the quantum efficiency to 82.8% if singlet excited states are created
directly and 41.4% if they are created by triplet annihilation. The measured differential quantum efficiency
is 8.7%. The observation that the average rubrene molecule emits many photons before it is destroyed
indicates that the spurious reactions which limit cell life should not limit cell efficiency. Since the singlet
fluorescence of rubrene is very efficient and the triplet states are highly vulnerable to quenching reactions, it
is concluded that triplet reactions play a dominant role in the cell process. The observed efficiency is quite
competitive with those observed in electroluminescent diodes and indicates that eel systems would make
useful devices if cell lifetimes can be extended.

Introduction

The phenomenon of electrochemiluminescence (eel)
has been studied experimentally and theoretically by a
number of workers.1 Only a small part of this work has
been devoted to the efficiency of the eel process. In
addition, all the theoretical analysis has been pertinent
to the controlled-double-potential-step experiment.
The quantum efficiency of the eel cell provides a val-
uable clue to the basic processes involved and is a pa-
rameter of central interest to any consideration of the dis-
play device potential of eel. In this paper we present
a theoretical analysis of the eel process for the case of
cyclic boundary conditions assuming rapid recombina-
tion. These boundary conditions are not only easier to
achieve experimentally but also the conditions of
greatest interest for continuous operation device ap-
plications. We also present the results of efficiency
measurements on the rubrene-tetra-n-butylammonium
perchlorate (TBAP)-benzonitrile (BN) system. The
measured efficiencies, 8.7%, compare favorably with
those of electroluminescent diodes for device applica-
tions, indicating that eel systems have excellent device
potential if cell lifetimes can be extended. Compar-
ison of the measurements with the theory indicates that
the results are consistent with the conclusion, based on
other evidence, of Chang, Hercules, and Roe2that most
of the excited molecules which take part in the recom-
bination are in triplet states which are quite suscep-
tible to quenching processes.

Theory

The eel process has often been described by the fol-
lowing condensed set of reactions.2

A+ e-—>A- 1)
A —> A+ + e- 2
A" —> A+ + 2e~ 3)

The Journal of Physical Chemistry, Voi. 76, No. 18, 1972

A+ + 2e~ — P A- (4)
A+ + A- —> A* + A (5)
nk* —>nk + hv 6)
A*¥+ Q—>A+ Q @)

Here, A represents a molecule of the active species, A*
represents an excited state of that species, hv repre-
sents a photon, and Q represents some excited state
quencher.

We consider a one-dimensional system (see Figure 1)
governed by the above reactions and bounded at the
origin by an electrode. If we let A, A +, and A~ stand
for the concentrations of those species, then the be-
havior of the system is described by the equations

dA

d
— 4+ ~(Ava) = 2RA+A- (®)
ot (0).4

OA+--
-RA+A- )

where VA, VAH and VA are the respective average
velocities and R is the anion-cation recombination
coefficient; the equations of momentum transfer

ova va Qa, va kT oa
TT + va— — —E N\ }—--~ =0 (20)
ot ox m t am ox

where a = A, A+, or A~; and Poisson’s equation. The
first term of the momentum equation is negligible at the
low' frequencies of interest. The electric fields in the
eel solution are sufficiently small to make the third term
smaller than the last (diffusion-dominated flow). The
second term is of order vj/1, where |l is the scaling length

(1) A comprehensive list of references is available in A. Zweig,
Advan. Photochem., 6, 425 (1968).

(2) J. Chang, D. M. Hercules, and D. K. Roe, Electrochim. Acta, 13,
1197 (1968).
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Figure 1. One-dimensional model of an eel cell with neutral,
anion, and cation of fluorescent molecule A in solution.

for the gradients in the system. This is negligible com-
pared to the last term, which is of order tWrmai2b
We can, therefore, rewrite the momentum transfer
equation as

va = —(D/a)(da/ax) (11)
a = A, A+, or A~
D = (KT/m)r

where D is the diffusion coefficient of molecule A, k is
Boltzmann’s constant, T is the temperature, m is the
molecular mass, and r is the collision time of the mole-
cule in solution. Equation 11 can be used to convert
the equations of particle conservation to

0A aA
a ~ DB - 2RA*A-
and
dd+ d2A+ RA+A
- + -
at £to2 (13)

Equations 11, 12, and 13 describe the eel system
when they are solved consistent with suitable electrode
boundary conditions at the origin. The right-hand
sides of eq 12 and 13 make this a difficult nonlinear
system of equations which has been solved with the aid
of a computer by Feldberg34for the case of two-pulse
operation and by Cruser and Bard5for continuous oper-
ation. In the limit of large R there is negligible co-
existence of A+ and A- ions at any position in the cell.
In this limit the only quantities needed to discuss the
cell operationare A + A+ + A~and A~ —A + both of
which obey the simple heat equation

(an/at) - D(ah/ax? = 0 (14)

which can be solved analytically by well-known
methods.6 Now, recombination ceases to be a bulk
phenomenon and occurs only at planes separating
regions where only A + or A~ have nonzero values. In
the basic eel process there is the assumption that no

(12)

1869

molecules are destroyed. This provides us with a
boundary condition at the electrode.

—(A + A++ A-)J0=0 (15)

If we solve the problem by Fourier analysis we find
rii = AO—A — A+ —A- = 0, where AQis the original
molecular concentration. We solve the problem for a
harmonic boundary condition for n2at the electrode.

n20, t) = A~ — A+ = ACG~lat (16)

Then because the heat conduction equation is linear the
solution for any arbitrary boundary condition on n2can

then be found by the proper Fourier construction.
Taking

n2= N(x)e~3n a7)
we find

n2= A~ — A+ =

S 4F-\8 (B

where the phase has been arbitrarily adjusted.

The light is emitted at recombination planes where
n2(xc) = 0 (see Figure 2). There are infinite numbers
of these located at

Xan = (ut £ nx);

* @

n=0,1,2, ... (19

The rate of production of photons at each plane is
given by
J(xen, t)

Pn(xen, t) = V .

(20)

where jj is the fraction of recombinations that produce a
photon. A simple integration yields the total number
of photons produced from the entire cell during one
cycle

°°-of (21)
cycle "u

The current at the electrode is given by

J, t) = eD "~(A- - + =0 =
() OX( A+)13

—e\/DwAOsinfcoi + (22)

(3) S. W. Feldberg, J. Amer. Chem. Soc., 88, 390 (1966).
(4) S. W. Feldberg, J. Phys. Chem,, 70, 3928 (1966).
(5) S. A. Cruser and A. J. Bard, J. Amer. Chem. Soc., 91, 267 (1969).

(6) H. S. Carslaw and J. C. Jaeger, “Conduction of Heat in Solids,”
Oxford University Press, London, 1959.
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3T

OoIf T

Figure 2. Density profiles for the cyclic mode of operation as
a function of distance from the electrode for several times
during the cycle.

One can integrate eq 22 to obtain the total number of
ions leaving the electrode during acycle
no. of ions

3.414 (23)
cycle

The quantum efficiency is obtained by dividing the
total number of photons emitted by the cell (eq 21 gives
the number at one electrode) by the number of ions
entering the system from one electrode (23); one ob-
tains

guantum efficiency = 0.82877 (24)

The efficiency found in eq 24 is independent of fre-
quency. Therefore, eq 24 also gives the efficiency for
any arbitrary periodic solution.

We see from eq 24 that the inherent losses of the
periodic mode of operation only limit its potential to an
efficiency of 83%. This loss is due to the annihilation
of ions which are created and swept back to the elec-
trode during the cycle without experiencing recombina-
tion.

Measurements

A series of measurements was made on electrochem-
ical cells which contained a solution of 2 X 10~8 M
rubrene and ICffil M tetra-n-butylammonium per-
chlorate (TBAP) in benzonitrile. The benzonitrile
used was MCB Spectroquality that was stored in a
desiccator over phosphorus pentoxide. The TBAP was
Polarographic Grade obtained from Southwestern
Analytical Chemical. It was dried in vacuo at '~80°
and stored in a vacuum desiccator. The rubrene pur-
chased from Aldrich Chemical was purified by liquid
chromography on a column of activated alumina using
trichloroethylene as the solvent. The rubrene was re-
covered by evaporating the solvent and then baking in
vacuo at 200-250° for several hours. Because of its
sensitivity to photoinduced reactions, the processing
and storage of the rubrene was done at reduced light
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Figure 3. Typical eel cell.
Figure 4. Integrating box for light output measurements.
levels. However, once the working solution for the

cells was degassed it was stable at normal light levels.

A typical cell is shown in Figure 3. The electrodes
are platinum, and a stopcock can be fitted to the
ground-glass joint so that the cell may be sealed under
vacuum. In order to prepare a cell for the light output
measurements, the solids were weighed out and placed
in the cell along with the appropriate volume of benzo-
nitrile. The cell was then evacuated, and the solution
was degassed by several freeze-thaw cycles.

The measurements were performed by placing the
part of the cell containing the electrodes in an inte-
grating box like that shown in Figure 4. The diffuse
reflecting surfaces were formed with Eastman Kodak
No. 6080 white reflectance paint. The photocell in the
box was standardized against one that had been cali-
brated by the National Bureau of Standards. A voltage
square wave was applied between electrodes no. 1and 2.
The output of the photocell was measured with an oper-
ational amplifier in a current follower circuit, and the
average current through the cell during each half of the
period was measured by connecting electrode no. 2 to
the input of the circuit in Figure 5. The voltage out-
puts of the amplifier circuits were measured with a
digital voltmeter.

The light output as a function of the current through
the cell was measured for several different square wave
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Figure 5. Current follower circuit for measuring current
during each half-cycle.

periods. Typical results,for a cell are shown in Figure
6. The slope of the lines in Figure 6 is the differential
quantum efficiency (DQE) of the eel cell. This is the
experimental quantity that corresponds to the quantum
efficiency calculated in eq 24. The lines in Figure 6 are
offset along the abscissa because of the current needed
to charge the double-layer capacitors at the electrodes
to the oxidation and reduction potentials.

The slope of the lines for the larger periods in Figure
6 corresponds to a DQE of 8.7%. For each frequency
the excitation of the cell was increased until the light
output saturated or decreased. At the higher fre-
quencies the measured DQE appeared to decrease;
however, this could have been caused by uneven
charging of the electrodes so that parts of the electrodes
had achieved the reaction potentials while other parts
had not. This value for the DQE implies that g, the
eel efficiency, isonly ~0.1.

Discussion

Since normal rubrene fluorescence is 83% efficient, we
expect 1~0.83 in eq 24 and the efficiency to be ~70%
if singlet excited states dominate the recombination
reaction. On the other hand, it takes four ions to
create one photon if triplet states dominate. This
would indicate a maximum efficiency for this process of
~40%, which could be seriously degraded further by
the well-established tendency for triplets to experience
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Figure 6. Output characteristics of a rubrene eel cell.

quenching reactions. We conclude that high quantum
efficiency is indicative of singlet reactions and low
guantum efficiency is indicative of triplet reactions.
These theoretical expectations assume that the mole-
cules are not destroyed by some spurious reaction at a
rate which is comparable to the rate at which they emit
photons. This assumption has been confirmed experi-
mentally by measuring the operating lifetime of a cell.
In this way we have found that the average number of
molecules destroyed in the eel chain is smaller than the
number that emit a photon. The measured efficiencies,
~9%, are, therefore, consistent with the conclusion of
Chang, Hercules, and Roe2 based on other evidence
that most of the excited states participating in the re-
combination process are triplet states. The measured
efficiencies compare favorably with those observed in
electroluminescent diodes and indicate that eel sys-
tems would make useful devices if cell lifetimes can be
significantly extended.

Acknowledgments. We wish to thank Professor J.
Turkevich for his advice on some of the experimental
work and to acknowledge the advice and encourage-
ment of Dr. M. C. Steele and Dr. R. D. Larrabee.

The Journal of Physical Chemistry, Vol. 76, No. 13, 1972



1872

George Baum

The Influence of Hydrophobic Interactions on the Electrochemical

Selectivity Ratios of Liquid Membranes Responsive to Organic lons

by George Baum

Research and Development Laboratories, Corning Glass Works, Corning, New York 14-880 (Received January 17, 1972)

Publication costs assisted by Corning Glass Works

The principles of hydrophobic interactions and of a model homogeneous, permselective liquid membrane
described by Sandblom, Eisenman, and Walker, are integrated in a simple treatment of the electrochemical

selectivity characteristics of membranes responsive to organic ions.

The selectivity characteristics of liquid

membranes permselective toward amino acids and toward choline derivatives are shown to obey the relation-
ship log Ka = (A/tjiwe — Aft.ien)/23.05iS, where A/tjiw eis an additive, constitutive free energy of transfer
term available from the distribution coefficients of amino acids, AFti«*s is a solvent-adjusted term, and S

is the Nernst slope factor.

In a theoretical examination of a model homoge-
neous, permselective, liquid ion-exchange membrane,
Sandblom, Eisenman, and Walkerl related the elec-
trode selectivity to a combination of a solvent-depen-
dent, site-independent term and a term dependent on
both solvent and site properties. The solvent-de-
pendent term was shown to be related to the ratio of
the distribution coefficients of the ion of interest and
the counterion between the aqueous solution and the
hydrophobic liquid membrane phase. For liquid-
membrane electrodes, which are tailored for selec-
tivity towards organic ionic species, it may be antic-
ipated that the ionic distribution between the aqueous
and organic phases would play a major role in estab-
lishing the selectivity between organic counterions.
Higuchi and coworkers2 have recently prepared a
plasticized polymer membrane electrode (the mem-
brane does not contain an ion-exchange agent) which
exhibits a very favorable response to several tetraalkyl-
ammonium salts. They observed that the potential
difference between the tetraalkylammonium salts
qualitatively corresponded to the free energy of trans-
fer of each additional methylene group from an aqueous
to a hydrophobic environment. We will show that the
selectivity characteristics of permselective liquid mem-
branes toward organic ions can be described by a sim-
ple analysis based on the concepts of hydrophobic
interactions.

Experimental Section

Potential measurements were conducted as pre-
viously described3using the electrochemical cell

Ag/AgCl]satd KCL]liquid membrane|sce

All measurements were made in unstirred solutions at
25° + 1°. The liquid membrane consists of a 5%
solution of acetylcholine tetra(p-chlorophenyl)borate
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in either 3-o-nitroxylene,
(2-ethylhexyl) phosphate.

The isobutyrylcholine was prepared by the conden-
sation of isobutyric anhydride with 2-(dimethylamino)-
ethanol and subsequent quaternization with iodo-
methane.

dibutyl phthalate, or tri-

Results and Discussion

The large, positive free-energy change accompanying
the solution of hydrocarbons in water has its origin in a
large negative entropy change associated with localized
structuring of water.4 From the distribution coeffi-
cients of a series of amino acids in water and ethanol,
Cohn and Edsall observed that the free energy of
transfer of amino acids is an additive and constitutive
molecular property.5

Matsui and Freiser6 constructed several electrodes
where the permselective liquid membrane consisted of a
quaternary amine surfactant dissolved in a water
immiscible organic solvent. The electrode was then
equilibrated against an aqueous acidified amino acid
solution and selectivity factors toward a series of
amino acids were obtained. Using the data reported
by Matsui and Freiser, we can test the premise that the
potential response of the liquid membrane ion-ex-
change electrodes towards organic ions is related to the
free energy of transfer of the organic ion from an aque-
ous to a hydrophobic environment.

(1) J. P. Sandblom, G. Eisenman, and J. L. Walker, J. Phys. Chem,,
71, 3862 (1967).

(2) T. Higuchi, C. R. Illian, and J. L. Tossounian, Anal. Chem., 42,
1674 (1970).

(3) G. Baum, Anal. Lett., 3, 105 (1970).
(4) H. S. Frank and M. W. Evans, J. Chem. Phys., 13, 507 (1945).

(5) E. J. Cohn and J. T. Edsall, “Proteins, Amino Acids and Pep-
tides,” Reinhold, New York, N. Y., 1943.

(6) M. Matsui and H. Freiser, Anal. Lett., 3, 161 (1970).
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The potential response of an ion-selective electrode
towards a solution of primary (i) and secondary (j)
ions can be described by the empirical equation

Eij = E' + —p T log (ai + Kan,) (1)
where E' is a constant and K jj is the selectivity ratio.
A simple procedure to evaluate K jj is to determine the
potential response in single electrolyte solutions where
di = djj then, if the slope factors are equal, Kjj is
given by

E
log Km = 1 2
where S is the term 2.3RT/F of eq 1
The conversion between AF and AE is given by

AF (cal) = 23.05AE (mV)

We now set i as the primary amino acid and j as the
secondary amino acids. Combining eq 1 and 2 gives

[AFti - AFt]
log K i 23.05*8 ©)
= M
23.05S

Equation 3 is applied to the data of Matsui and Freiser
for an electrode equilibrated against leucine and an
electrode equilibrated against phenylalanine. The
log of the corresponding observed selectivity ratio is
shown to be related to the difference in the free energy
of transfer between the primary and secondary amino
acid (Figures 1and 2). Although there is considerable
scatter in the data points, the general trend of the data
follows the calculated slope given in eq 3.

We recently published the selectivity ratios of a
liguid membrane acetylcholine selective electrode to-
ward a series of choline esters.78 In general, as the
alkyl length of the ester increased, the selectivity of the

Figure 1. Correlation of observed selectivity ratio with Aft
for a leucine equilibrated membrane.
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Figure 2. Correlation of observed selectivity ratio with Aft
for a phenylalanine equilibrated membrane.

electrode toward the ester increased. The liquid mem-
brane utilized in that study consisted of acetylcholine
tetra(p-chlorophenyl)borate dissolved in 3-o-nitroxy-
lene. The solvent has a strong effect on the selectiv-
ity of the electrode. Selectivity factors for two addi-
tional solvents are now reported. When dibutyl
phthalate is used as the solvent for the choline salt,
the magnitude of the selectivity factors is diminished.
Tri(2-ethylhexyl) phosphate as a solvent yields even
lower selectivity ratio values. These results are sum-
marized in Table I. All values given are calculated
from the potential response at 10~' M single electro-
lyte solutions.B

Table | : Selectivity Ratio toward Choline Esters
Tri(2-

ethylhexyl) Dibutyl 3-0-

phosphate phthalate Nitroxylene
Choline 1 1 1°
Acetylcholine 1.08 6.85 37.6"
Acetyl-/S-methylcholine 121«
Isobutyrylcholine 118
Propionylcholine 3.36 18.2 121
Butyrylcholine 10.2 57.6 407
Valerylcholine 1550

“ Values reported in ref 9.

The free energy of transfer (AFt) of a solute i in
going from water to a solvent(s) is given by

AFtw*5= RT In —

tti ,s

= RT In + RT In —

Yi,s

where Diw's is the distribution coefficient obtained

(7) G. Baum and F. B. Ward, Anal. Biochem., 42, 487 (1971).

(8) G. Nemethy and H. A. Scheraga, J. Phys. Chem, 66, 1773
(1962).
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from solubility data and y is the appropriate activity
coefficient.  Since we will ultimately be concerned with
the ratio of activity coefficients of structurally related
species at a single concentration, the term involving
activity coefficients is considered negligible in the
present treatment. The AFt terms for amino acids
going from water to ethanol have been compiled.5 The
relationship between AFtw’e and AFtw>8 is

AFtw-"s = AFt'~-e+ AFtF-8 (4)

The difference in AFt between solutes i and j is

[AFt,jwr s - AFt,iw-“s] = [AFt,jw*e - AFtiiw’ e] -

[AFt,i"s - AFtj6-*3] (5)

To evaluate eq 5, the following considerations are
made. (1) Choline is taken as solute i and the choline
ester is solute j. Since AFt is an additive and con-
stitutive property, we employ the side-chain contribu-
tions (a/tw~ ¢ derived for amino acids to evaluate
[AFt.j*"*6 — AFt,iw >e]. (2) Insufficient data are avail-
able in the literature to estimate the AFtv~* term for
-OH of choline or for —0—C (=0)— of the choline
ester. If we assume that the polar components are
roughly equal, the difference in ar ww--e for these two
substituents can be estimated by a steric argument.
Since the magnitude of the entropy change associated
with the hydrophobic interaction is related to the
molecular volume of the group involved,8 and
—C (=0)— is about the same size as -CH 2, the same
At contribution can be used. (3) Tanford has ob-
served that art is not significantly affected by the
nature of the solvent for amino acids with nonpolar
side chains. However, considerable solute-solvent
interaction is encountered when polar substituents such

as hydroxyl are present.9 Thus
AF t,ie-*s » A F tijer s

and eq 5 becomes

[AFtiw*s ~ AFt,iw 8] = Altjiw-*e - AFt,i*s (6)
Combining eq 3 and 6 gives
R Alt,if" AF t,ie_>s
log K jj ( ' (7)
23.053

The values used for Aft,nw*e are given in Table II;
the term AFt,~5is a constant dependent only on the
nature of the solvent.

The selectivity data obtained for choline and choline
esters were treated graphically by eq 7 (Figure 3).
The data points for all six choline esters obtained with
the nitroxylene liquid membrane closely followed eq
7. 1t is particularly significant that isobutyrylcho-
line lies close to the position predicted for a branched
side chain rather than at a position near the linear
butyryl ester. Only three esters were examined with
the dibutyl phthalate membrane and the trioctyl
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3-0-NITROXYLENE

Figure 3. Relationship between observed selectivity ratio and
free energy of transfer function: 1, propionylcholine;

O, acetyl-(3-naethylcholine; 0O, butyrylcholine;

=, valerylcholine; A, isobutyrylcholine.

Table 11: Estimated Difference of Free Energy of
Transfer between Choline and Choline Esters*

Choliae ester Altw-*e’

cal/mol
Acetylcholine 1460
Propionylcholine 2190
Butyrylcholine 2920
Valerylcholine 3550
Isobutyrylcholine 2420
Acetyl-/3-methylcholine 2190

° The following substituent factors were used: CH3, -CHj-,
—C(=0)— = +730 cal/mol; isobutyl = +2420 cal/mol.

phosphate membrane. Both sets of data are consis-
tent with eq 7. From intercept values, the magnitude
of AFt,ifrss for each solvent can be evaluated. The
slopes and transfer terms obtained for each solvent
membrane are summarized in Table Ill. The sol-
vent-adjusted free energy of transfer term is related
to the ability of the solvent to stabilize the polar hy-

Table 111
Observed
slope X 103 AEL.i6-*8,
Solvent (eq 7)" kcal/mol
3-0-Nitroxylene 0.63 +0.328
Dibutyl phthalate 0.61 -0.07
Tri(2-ethylhexyl) 0.65 -1.0

phosphate

“ Calculated values for 1/2.305S = 0.75 X 10 3

(9) Y. Nozaki and C. Tanford, J. Biol. Chem,, 246, 2211 (1971).
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droxyl substituent of choline. The ordering of the
APt.i8" 8values is the same as the corresponding macro-
dielectric constants for the solvents, although no direct
relationship is established.

These results are consistent with the relationships

Equilibrium and Kinetic Properties of
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developed by Sandblom, Eisenman, and Walker. The
selectivity characteristics of the liquid membranes
described above are shown to depend on the sum of a
term related to the ion-counterion distribution coeffi-
cients and a solvent-site dependent term.

9,10-Phenanthrenequinone-3-sulfonate i

Aqueous Solutions

by M. W. Cheung and J. H. Swinehart*

Department of Chemistry, University of California, Davis, Davis, California 95616 (Received August 9, 1971)
Publication costs borne completely by The Journal of Physical Chemistry

The equilibrium and kinetic properties of partially reduced aqueous solutions of the potassium salt of 9,10-

phenanthrenequinone-3-sulfonate (PQS) at pH 11.0 and 4.9 have been investigated and the results are reported.
At pH 11.0 the enthalpies and entropies for the equilibria

ki
R2- + T ~t1 D2- Ki
o1 @
D2- 2S- K2 )
k-2
R2-+ T¢ 7 28-  Ku )
k-3

whereR2 , T, D2 ,and S represent the reduced, oxidized, dimeric, and free radical (semiquinone) forms of
PQS atpH 11.0are (1) —3 =+ 3kcal/mol, 10+ 10eu; (2 7+ 2,6+ 7; and (3) 4 £+ 1, 16 + 3, respectively.
At 25° values of Kh K2 and Ksare (7.2 £ 2.2) X 103M~\ (65 = 10) X 104 M, and 3.7 + 0.7. At pH
11.0 assuming mechanisms in whichR 2- + T D2- 2S5-0rR2-+ T 2S5~ D2~ and using tempera-
ture-jump relaxation techniques, the activation parameters AH* and AS” for /2 are 105 £ 0.9 kcal/mol
and —9 + 3 eu, respectively, and for fc 2are 2.5 + 0.7 kcal/mol and —21 + 3eu, respectively. At 25° values

of ki and fc 2are (1.35 £+ 0.25) X 103sec-1 and (241 + 0.18) X 106Af-1 sec-1. At pH 4.9 the equilibrium
K4
presentisRH2+ T DH2 where RH2 T, and DH2represent the reduced, oxidized, and dimeric forms of

k~4
PQS at this pH. Values of kt and at pH 4.9 and 9° have been determined in HD and DD. The role
of hydrogen bond formation in the dimerization process is discussed.

Introduction

Quinones have a two-electron change between the
oxidized and reduced forms. They are biologically
importantl because numerous naturally occurring
quinones are extracted from living organisms.2 Mi-
chaelis3has characterized a number of quinonelike and
flavin systems. The equilibrium properties of several
quinone systems45 and the kinetic and equilibrium
properties of the riboflavin system67have been studied.
The equilibria present at 25° in partially reduced aque-
ous solutions of 9,10-phenanthenequinone-3-sulfonate
(PQS) were first characterized by Michaelis and co-
workers810 using potentiometric titration techniques.

This work reports a complete study of the thermody-
namic and kinetic properties of the PQS system at pH
11.0. Some data are also reported at pH 4.9.

(1) H. Beinert and R. H. Sands in “Free Radicals in Biological
Systems,” M. S. Blois, Jr., et al.t Ed., Academic Press, New York,
N. Y., 1961, Chapter 2.

(2) M. Barbier and E. Lederer, Biochimie, 22, 236 (1957).
(3) L. Michaelis, J. Phys. Chem,, 54, 1 (1950).

(4) H. Diebler, M. Eigen, and P. Matthies, Z. Naturforsch. B, 16,
629 (1961).

(5) N. K. Bridge and G. Porter, Proc. Roy. Soc., 244, 259, 276
(1958).

(6) J. H. Swinehart, J. Amer. Chem. Soc., 87, 904 (1965).
(7) J. H. Swinehart, ibid., 88, 1056 (1966).
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Experimental Section

Chemicals. Phenanthrene-3-sulfonic acid was pre-
pared from phenanthrene by sulfonation with concen-
trated sulfuric acid. Phenanthrene-3-sulfonic acid was
analyzed by converting it into its p-toluidine salt.
The melting point of the salt was determined to be
216-217°, which is in good agreement with the reported
value of 217°.11 PQS was prepared from phenan-
threne-3-sulfonic acid by oxidation with chromic oxide
in glacial acetic acid.12

Anal. Calcd for CHHD 6BK: C, 51.5; H, 2.2; S,
9.8. Found: C,50.3; H, 2.7; S, 9.4.

Figure 1shows the spectra of PQS at various states of
reduction at pH 11.0. The oxidized form, T, has the
following absorption maxima and the corresponding log
erex. 225 nm (4.5), 265 nm (4.5), 325 nm (3.6), and
415 nm (3.1). Partially reduced solutions of PQS
(R2~ + T) have a broad peak centered around 660 nm
(dimer=D2-) and an absorption maximum at 485 nm
(log «vex = 3.7, semiquinonesS-) with a shoulder at
525 nm, in good agreement with the reported values.9
The hydroquinone form of PQS, R2_, does not have
absorption maxima in the visible region but has a sharp
peak at 355 nm. At pH 4.9, the absorption spectrum
of T in the visible region has an absorption maximum
at 420 nm (log emax = 3.15) while the reduced form,
RH?2 practically does not absorb in the visible region.
The partially reduced PQS solutions do not have addi-
tional absorption maxima but have an excess absor-
bance in the 550-700-nm region. The structures of the
species present at pH 4.9 and their pK’s are summarized
in Table I. The dimer in each pH region is assumed to
be a combination of two semiquinone molecules or an
oxidized and reduced molecule.

Potassium ferricyanide (Baker and Adamson); po-
tassium hydrogen phosphate, potassium acetate, po-
tassium chloride (J. T. Baker); sodium hydroxide (0.1
N) (Bio Rad Laboratories); deuterium oxide (99.81%)
(International Chemical and Nuclear Corp. Chemical
and Radiation Division); palladium-on-charcoal

Figure 1. Spectral properties of solutions of PQS at pH 11.0.
Concentrations: T, 9.0 X 10-4 M; (R2' + T), 50% reduced
T solution; R2_, 1.0 X 10-3 M. t = 22° pathlength 1.00 cm.
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Table I: Species Present at pH 4.9 and Their pK's

Abbreviated

— symbol----
Structure at pH pH
pH 4.9 PK Name 4.9 11.0
>11.5 Oxidized T T
form of
PQS
H H
8 Reduced rh2 R2
form of
PQS

7.5 Semiquinone SH S
form of
PQs
SO,

(Matheson Coleman and Bell), and glacial acetic acid
(Allied Chemical) were used without further purifica-
tion.

Preparation of Solutions.  All solutions were prepared
with deionized distilled water. Solutions of PQS were
prepared shortly before each experiment to avoid possi-
ble decomposition of the compound,8especially at pH
11.0. Solutions in DD at pD 4.9 were prepared by
weighing the desired amount of PQS, potassium chlo-
ride, and potassium acetate into 0.065 ml of 17.5 M
glacial acetic acid. Sufficient D2 was added to bring
the volume to 50 ml. Thus the quinone solutions con-
tain a minimum of 99.77% DX. All solutions were
prepared and run into the spectral cells in an all-glass
system which was constantly flushed with oxygen-free
nitrogen gas, such that the solutions never came in con-
tact with oxygen. Sodium hydroxide and potassium
hydrogen phosphate were used to maintain solutions at
pH 11.0, and potassium acetate and glacial acetic acid
at pH 4.9. The ionic strength of all the solutions was
maintained at 0.06 with KC1.

Apparatus and Methods, (a) Equilibrium Studies by
Spectral and Potentiometric Methods at pH 11.0. Par-
tially reduced PQS solutions were transferred to a Beck-
man 1l-cm quartz cell. Spectral measurements were
performed on a Cary Model 14 recording spectropho-
tometer, with a temperature control good to +0.5° in
the cell compartment.

In the potentiometric titrations, potassium ferri-

(8) L. Michaelis and E. S. Fetcher, J. Amer. Chem. Soc., 59, 2460
(1937) .

(9) L. Michaelis and S. Granick, ibid., 70, 624 (1948).

(10) L. Michaelis, G. F. Boeker, and R. K. Reber, ibid.,, 60, 202
(1938) .

(11) L. F. Fieser, ibid., 51, 2460 (1929).
(12) A. Werner, Ann. Chem, 321, 341 (1902).
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EQUIVALENTS OF K3Fe(CN)e ADDED

Figure 2. Potentiometric titration curves for PQS at pH 11.0
and t = 30°. Concentrations of PQS: --—--,3 X 10-4 M;
eem 5 X 10“3M; — - 1.0 X 10~2M;

----------- ,2.0 X 10~! M.

cyanide solution was used to titrate against the re-
duced form of PQS. The voltage of the cell Pt]R2_,
T, S-, and D 2|calomel electrode at various stages of
oxidation was measured on a Beckman Expandomatic
pH meter. Figure 2 is a typical titration curve with
potentials plotted against equivalents of Iv¥Fe(CN)6
added. The normal potential, when 1 equiv of K3e-
(CN)6 was added, was taken as the zero point. The
temperatures of the titration solutions were thermo-
stated to +0.5°. The pH'’s of the solutions were mea-
sured on a pH meter which was standardized against
commercially available pH buffers.

The equilibrium constants Ki, K2 and Ks associated
with the equilibrium processes represented by eq 1-3
were calculated according to the methods developed by
Michaelis and his coworkers8 3and Elema}

ki
R2 + T~ D2 Ki Q)
k- i
ki
D2 » 2S- K2 )]
k-2
kz
R2 + T 28- Ki 3
k-

@) Kinetic Studies. Kinetic studies were carried
out on a temperature-jump relaxation instrument man-
ufactured by the Messanlagen Studiengeschellschaft,
GmbH, Goettingen, Germany. Relaxation techniques
were devised to study the kinetics of rapid reactions.
A small temperature perturbation is applied to the sys-
tem, and the resulting “relaxation” to equilibrium
occurs with a characteristic relaxation time, r. The
relaxation time is related to the rate constants and
equilibrium concentrations of the species at the new
temperature in a unique way, which is dependent on the
mechanism of the reaction. For a detailed account of
the theory and application of relaxation technique, one
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Figure 3. Plot of In UissnmPMesonm vs- 10V T

may refer to the article by Eigen and DeMaeyer®5 and
the book by Caldin.®

The kinetics were also studied by the stopped-flow
technique. A Gibson-Durrum stopped-flow apparatus
was used.

Results

Equilibrium Studies at pH 11.0. Equilibria 1, 2, and
3 were considered. The equilibrium represented by eq
2 was studied spectrophotometrically. The absorption
peak at 485 nm was assigned to S-, and that at 660 nm
to D2-.9 Table Il contains the data of this spectral
study at n = 0.06 (KC1), and Figure 3 is a plot of In
(Ad&m)2A 6mm vs. 1/T. The calculated value of
AHo0is 6.4 = 0.4 kcal/mol.

The equilibria were studied by potentiometric titra-
tion methods described under Experimental Section.

Table I'l: Data for Determination of AH2
for the Equilibrium D2_ 2S_a
1, (24485 nm)2
“C AiZ5 nm 24680 NmM 24680 NmM
32.0 1.360 0.159 11.63
28.5 1.338 0.180 9.94
24.0 1.300 0.197 8.57
20.0 1.270 0.215 7.51
16.0 1.228 0.236 6.38
12.0 1.189 0.253 5.59

Conditions: [T] > [R*-], total initial concentration
; 10-4 M; n = 0.06; pH 11.0; path length = 1cm.

(13) L. Michaelis, Chem. Rev., 16, 243 (1935).
(14) B. Elema, J. Biol. Chem., 100, 149 (1933).

(15) M. Eigen and L. DeMaeyer in “Techniques of Organic Chemis-
try,” Vol. VIII, Part Il, A. Weissberger, Ed., Interscience, New
York, N. Y, 1963.

(16) E. F. Caldin, “Fast Reactions in Solutions,” Blackwell Scien-
tific Publications, Oxford, U. K., 1964.
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Figure 2 is a typical potentiometric titration curve.
Table 111 presents average values of Kh K2 and K3
at various temperatures obtained by titration of re-
duced PQS solutions in the concentration range 3 X
10-4 to 2 X 10~2 M. Plots of these data gave the
following values of AH° and AS° for the various equi-
librium concentration quotients: Kh —3 * 3 kcal/
mol, 10 + 10eu; K27+ 2,6+ 7; K34+ 1,16 + 3.
Experiments carried out at 40° showed deviations from
the plots used to give the thermodynamic parameters.
This deviation will be discussed under Discussion.

Table I11: Summary of Equilibrium Concentration Quotients
Determined by Potentiometric Titration Methods"

Temp, 10-«Ki, 1072,

°C Af-i M Ki
12.0 8.2+ 1.6 2.7 £ 0.7 2.7 £ 0.2
22.0 7.8+ 3.4 51+ 1.4 3.4+ 0.7
30.0 6.6 + 3.4 7.0+ 1.2 4.3 + 1.1

“pH = 11.0,m = 0.06.

Kinetic Studies. (a) pH 11.0. Figure 4 is a plot of
the reciprocal of the relaxation time, 1/ ¢, vs. four times
the absorbance at 485 nm (4A45nm at 12, 22, 30, and
40° and at pH 11.0. The value of 4A%4 rmis propor-
tional to 4[S-]. No linear relationship was obtained
when 1/« was plotted against ([R2~] + [T]) or the
absorbance at 660 nm, which is proportional to [D2-].
Relaxation expressions for mechanisms in which reac-
tion 1 equilibrates rapidly compared to (2) (mechanism
A) or reaction 3 equilibrates rapidly compared to (2)
(mechanism B) are

1 = W [R 2] + [TD
ta 1+ Ki([R2] + [T]) +

4fc_2[S-]

1 = 4fc £ ([R2] + [T][S~]
o 4[S-] + KY[R2]+ [T]) + 2

(mechanism A)

(mechanism B)

if Ki([RZ2']1+ [T]) > lor K»([R2] + [T]) > 4[S~],
which are conditions fulfilled in the experiments, each
expression reduces to

. = 2T 4fc 2[S]

Therefore on the basis of the relaxation expressions,
combined with the scatter in the data, mechanisms A
and B cannot be distinguished. The slope and inter-
cept of the plot of 1/ r vs. 4AA4Emimgives fc_ 2e4b5mMmand
f2, respectively. Table IV contains a summary of the
rate constants. The value of fc 2 is calculated using
Hnm = 5000 M 1cm '. Figure 5 contains plots of
10~3c 2T and kT vs. 1/T. The values of the rate
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Figure 4. Plots of 1/t vs. 4H4 nmat 12, 22, 30, and 40°.

Figure 5. Plots of In k-,/T and In k,/T vs. 1/T.

constants at 25° and the activation parameters A77*
and AS* are k2= (1.35 + 0.25) X 10ssec"] 10.5 + 0.9
kcal/mol, —9 £+ 3 eu, and k_ 2 = (241 + 0.18) X
106M -1sec* 1,25 = 0.7, -21 % 3.

Table I1V: Summary of the Kinetic Data for PQS System*
10-3A 2

Temp, 10-é&fo, €5m 10-»*-,,6 10~k—2¢c
°C sec-1 sec-1 cm M ~1sec-1 M~1 sec-1
12 0.60+ 0.14 0.38+ 0.06 1.75+ 0.71 1.87 + 0.28
22 128+ 0.26 0.47 + 0.03 253+ 095 2.35+ 0.14
30 1.90 £ 0.22 0.56 + 0.08 2.72 + 0.77 2.78 = 0.40
40 3.23 + 0.75 0.67 = 0.10 d 3.36 £ 0.51

“pH 11.0 and x = 0.06 (KC1). bCalculated from equilibrium
and kinetic data. c Calculated from Kinetic data and €&%nm =
5000 M~1 cm-1. dNot calculated because equilibrium con-
centration quotient at this temperature was not determined.

Other mechanisms such as reaction 1 equilibrates
rapidly compared to reaction 3 (mechanism C) or reac-
tion 3 equilibrates rapidly compared to reaction 1
(mechanism D) are less favorable as will be described
under Discussion.

In an attempt to distinguish between mechanisms
A and B, stopped-flow experiments were performed.
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If mechanism A was operative, while the pre-equilib-
rium (R2~ + T<=i D2~) would be too fast for detection
by the stopped-flow apparatus, it was hoped that a rapid
decrease in optical density would be observed in the
spectral region around 660 nm and a rapid optical den-
sity increase between 485 and 550 nm. If mechanism
B was operative, a rapid decrease of optical density be-
tween 485 and 550 nm and a rapid increase in optical
density at the spectral region around 660 nm should be
observed. Results from the rapid mixing of T and its
reduced form, R2~, by stopped-flow techniques at pH
11.0 and 12° were not conclusive because the expected
half-lives for the kinetic processes were of the order of
the time required for mixing and could not be distin-
guished from the mixing process.

(6) pH 4-9. At pH 4.9, the only equilibrium pres-
ent in the solutions isT7
ki
RH2+ T~ DH2 K4 4)
k—

and RH2and T are the species designated in Table I.
A partially reduced PQS solution, prepared by mixing
PQS in excess over the reduced form of PQS, has an
absorption maximum at 420 nm whose absorbance could
be predicted by calculation considering only PQS being
diluted by the hydroquinone. Even at relatively high
concentrations (10~2 M), there was no absorption
maxima in the spectral region between 550 and 700 nm
for the partially reduced PQS solution at pH 4.9.
However, the overall absorbance of the partially re-
duced PQS solutions in the 550-700-nm region is higher
than that expected from only T and RH2 This spec-
tral observation indicates that only a very small amount
of a third species is present in the partially reduced
PQS solution at pH 4.9, and it absorbs in the 550-700-
nm region, which suggests that the intermediate is a
dimer. These observations are in agreement with
those reported by Michaelis and Schubert.7 Thus, if
only equilibrium 4 is important, I/r, the reciprocal of
the relaxation time, equals ft4 ([RH2] + [T]) + fc 4
and a plot of Y/r vs. ([RH2] + [T]) should be linear.
Experiments were done in both HD and D2 to deter-
mine what role hydrogen plays in the process repre-
sented by equilibrium 4. The slope of the plot gives
kit and the intercept gives fc 4 Figure 6 is a plot of
I/r vs. ([RH2] + (T)] in HD and DXD. Values of
10-6f4 (M _1 sec-1) and 10~*k™i (sec-1) in HD and
DD atpH 4.9, = 0.06, and9° are 1.3 + 0.1 and 3.4 £
0.2, and5.4 = 0.1 and 2.6 = 0.2.

Discussion

Equilibrium Studies at pH 11.0. From spectral
studies, the value of AHZ2 for the equilibrium D2~ <=
2S~ is calculated to be 6.4 * 0.4 kcal/mol. From
potentiometric titrations data, AHZ calculated from a
plotof INnK2.s. I/T is7 +2 kcal/mol.
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Figure 6. Plots of I/r vs. {[RHZ + [T]}in HD and DD
atpH 4.9 and t = 9°.

The potentiometric titration data obtained at 40°,
however, deviate from plots of In K vs. I/T. Michae-
lis and Fetcher8noted that part of PQS in an alkaline
solution was lost due to decomposition which increased
with temperature. The loss of PQS and the presence
of the decomposed species which were probably in
equilibrium with the other species present is a probable
explanation for the titration data obtained at 40°.

The value of AHZ calculated from temperature-
jump relaxation data is comparable to that obtained
from equilibrium studies (see Discussion, Kinetic
Studies). The value of A2 for this equilibrium was
calculated to be 6 + 7 eu. These thermodynamic data
are reasonable for reactions of this type.7 The value
of A2 indicates the presence of some interaction be-
tween the solvent molecules and the species involved.
Both the dimer and the free radical are negatively
charged. The freeing of the free radicals from the
dimer would increase the interaction with the solvent
molecules (AS° positive). On the other hand, the
orientation of the solvent molecules around the free
radicals is more effective with an attendant loss of
freedom of motion (A»SO negative).l8 The value of
ASZ evaluated for such a process is therefore reason-
able.

Kinetic Studies, (a) pH 11.0. A linear plot ivas
obtained when I/r was plotted against 4A45nm How-
ever this behavior alone would not be able to distin-
guish the four possible mechanisms from one another.
Activation parameters could be used to help distinguish
between the possibilities.

Assuming either mechanism A or mechanism B the
following activation parameters were calculated: AHz*
= 105 + 0.9 kcal/mol, AS2* = —9 + 3eu, A =
25 + 0.7 kcal/mol and AiS™ = —21 + 3eu. These
results are reasonable for either mechanism. For a
solution reaction in which dimerization of ions of like
charge occurs, AS-** = —21 + 3 eu is reasonable.
Comparable A/S* values of similar reactions are com-

(17) L. Michaelis and M. P. Schubert, J. Biol. Chem, 119, 133
(1937).

(18) A. A. Frost and R. G. Pearson, “Kinetics and Mechanism,”
2nd ed, Wiley, New York, N. Y., 1963.
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mon in the literature.1920 The classical electrostatic
model will predict a less negative value.B This indi-
cates that other contributions to entropy change may
occur. More effective interaction of the activated
complex with the solvent molecules and a different
orientation of the latter with the former may account
for some of the contributions. The value of A<S2*
indicates that the activated complex is similar in struc-
ture to the dimeric product, D2~. This is further il-
lustrated by comparing the values of AS2* with AS2.
The significant difference indicates that the freeing of
the free radicals from the dimer is only partial in the
activated complex.

Assuming mechanism A or B, fc_ 2 was obtained as
fc 2 &bmm (see Table 1V) from the kinetic studies.
Values of rate constant fc 2 could be evaluated either
from the results of k2and K 2or from the reported values
of &b rm = 5000 M -1 cm-1 for the free radical. Using
the values of fc 2 calculated from k2 and K2 the molar
absorptivity of S_, «&&mm could be calculated. ~bmm
is calculated to be (5.1 + 0.4) X 103M~Icm-1, which
is in good agreement with the value reported by Mi-
chaelis and Granick of (5 £+ 1) X 103M~I cm-1.9
Table IV contains results of fc 2 by both methods of
calculation. If AHZ is calculated from enthalpies of
activation for k2and k_2

AH2 = AIG* — ;rfl-2* = 8 + 2 kcal/mol

This value is in good agreement with the values cal-
culated from potentiometric titrations data (7 = 2
kcal/mol) and absorbance data (6.4 kcal/mol) under
Equilibrium Studies.

Assuming mechanism C, a plot of 1/r vs. 4Am rmgives
fc 3 “Bbmmas slope and h/Ki asintercept. Using values
of Ki calculated from equilibrium data and «b mMm =
5000 M~I cm-1,9k3and fc 3and thus K3are calculated.

Although it is possible to obtain an enthalpy change
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comparable to that from equilibrium studies, the data
scattering from the straight line makes this mechanism
less likely. Further, AS-3* = —21 + 3 eu asso-
ciated with reaction represented by fc 3is inconsistent
with this mechanism.

Assuming mechanism D, a similar plot will give slope
as k\/K34b rmand intercept as fc 1  Again using equi-
librium data K3and «&m ki and 1 and thus K\ are
calculated. A similar argument as mentioned above
makes this mechanism less favorable. Further, ASi*,
which is associated with the dimerization reaction repre-
sented by rate constant fgj, can be calculated tobe 6 + 4
eu. The value is not reasonable for the dimerization
process.

(b) pH 4-9. The rate constant ratios /AHD)/
fADD) = 0.39 and fc AHD)//c_4(DD) = 2.1 for the
rate constants in equilibrium 4 at pH 4.9 and 9° provide
some information about the mechanism. The ratio of
equilibrium concentration quotients

K4DZ)/ _
IG(HD)\

fc4(DD)/fc-4(D2Q)\
foAHD) ffic 4(HD) [

suggests that hydrogen bond formation is important in
stabilizing the dimer. The actual rate constant ratios
indicate that in the activated complex for f4 and fc_4
one hydrogen bond is forming and breaking, respec-
tively. The data do not distinguish as to whether elec-
tron transfer takes place prior to, simultaneously with,
or after hydrogen bond formation. Activation param-
eters were not obtained. Work is continuing on this
aspect of the problem.
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The Donnan equilibrium of nine univalent and two divalent cationic forms of polystyrenesulfonate and simple
salts (chlorides) of the same counterions have been studied by means of uncharged membranes impermeable

to the polyelectrolyte.

The data have been used to facilitate examination of the magnitude of the molai

activity coefficient of the polyelectrolyte counterion in these mixtures.

Introduction

A number of investigations of the colligative prop-
erties of mixtures of ionized polyelectrolytes and simple
uni-univalent salts have shown that each component in
such mixtures behaves essentially as if it is unaffected
by the presence of the other. This behavior2-7 has
been expressed in the form of the following additivity
rule (AR) for the osmotic pressures

M= 72+ 53 1)

where T is the osmotic pressure of the ternary system
and #2 and ir3 are the respective osmotic pressures of
polyelectrolyte and salt in the absence of the other and
at their concentration values in the mixture.

In a mixed solution which consists of m2 moles of
z-valent polymer and n% moles of uni-univalent salt
per 1000 g of water, the osmotic pressure, ir, the water
activity, ow and the practical osmotic coefficient, 43
bear the following well known relationship

/KT = —mwinaw = g2+ m+ + m_)
G2+ zm2+ 2m3 (2)
<z + 1) + 2m3

Sincez >>> 1
it/kT = iz + 2m3 (3)
From the empirical additivity rule2-7
/KT = (72 + #3/KT = mZ02+ 2m3ts 4

where 42 and <+ correspond to the osmotic coefficient
of the pure component at the observed concentration
value.

Our analysis8 of data from a recent investigation of
the ternary system, sodium polyacrylate, sodium
chloride, and water (NaPAA-NaCl-HXD) by Okubo,
Ise, and Matsui9 suggest that the above equation is
more correctly expressed when the osmotic pressure
of components of the mixture (and their osmotic co-
efficients) corresponds to their values at the equilibrat-
ing water activity rather than to their values at the
observed concentrations.

This demonstrated additivity of the colligative prop-
erties of the individual components of polyelectro-
lyte-simple salt mixtures may provide insight with
respect to the interpretation of Donnan distribution
data. In such equilibria the chemical potential of
simple salt in the presence of polyelectrolyte is equal
to the chemical potential of the membrane-separated
pure salt and

~(miz + ry)

A3l (0)

Since there is apparently little interaction between
polyelectrolyte and simple salt their physical chemical
behavior may be deduced from independent considera-
tion of the pure components. The effective concentra-
tion of the polyelectrolyte can be denoted as mZ7+2
where its mean molal activity coefficient, y+2 is ex-
pressed by

722 = (72+)ZIZ+1(T 2-) 1/2+1 (6)

Since z >>> 1, 72 approaches a limiting value of 1and
726 ~ 72+ (7)
The activity of the salt in the mixture is then given by

(m2z72+ + m3(m3I(73x)2 = a3(ma+ mi) (8)

the yst correcting for long range Debyean-like inter-
action between mobile cations and anions. To a first
approximation, in moderately dilute systems, the value
of y:s+ should be equal or nearly equal to the mean

(1) This paper is based in part on a dissertation submitted by P.
Chu in partial fulfillment of the requirements of the degree of Doctor
of Philosophy, Feb 1967.

(2) (@) M. Nagasawa, M. Izumi, and |. Kagawa, J. Polym. Sci., 37,
375 (1959);_ (b) M. Nagasawa, A. Takahashi, M. lzumi, and I.
Kagawa, ibid., 38, 213 (1959).

(3) Z. Alexandrowicz, ibid., 56, 115 (1962).
(4) z. Alexandrowicz, ibid., 43, 337 (1960).
(5) R. A. Mock and C. A. Marshall, ibid., 13, 263 (1954).

(6) A. Katchalsky, R. Cooper, J. Upadhyoy, and A. Wasserman,
J. Chem. Soc., 5198 (1961).

(7) F. T.Wall and M. I. Ertel, J. Amer. Chem. Soc., 79, 1556 (1957).
(8) J. A. Marinsky, J. Phys. Chem,, 75, 3890 (1971).

(9) T. Okubo, N. Ise, and F. Matsui, J. Amer. Chem. Soc., 89, 3697
(1967).
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molal activity coefficient of the polyelectrolyte-free
salt solution in the Donnan equilibrium system.

The following relationship derives from the above
reasoning

(mZzy2+ + m3(mg = 1UR 9)
and
M 32 —
10
72+ maa3 (10)

For di-univalent salts

M3B—m3B

zman3 (I D

It was the objective of this research program to ex-
amine the 72+ property of the polyelectrolyte counterion
in polyelectrolyte-salt mixtures with the above ex-
pression. Donnan equilibrium studies of nine uni-
valent and two divalent cation salts of polystyrene-
sulfonate containing varying amounts of the simple
chloride salt with a common cation were made for this
purpose.

In a typical experiment, polyelectrolyte and simple
salt, initially at atmospheric pressure, p, were separated
with an uncharged membrane impermeable only to
the macromolecule. Solvent and salt were transported
across the membrane until equilibrium of all transfer-
able ion species was achieved. There was restraint
of solvent transfer and at salt equilibrium the additional
pressure, P, that developed above the polyelectrolyte-
salt phase in these experiments raised the activity of
the solvent so that it approached the solvent activity
of the pure salt solution. The chemical potential,
of water and salt in the separate phases, however, was
not demonstrated to be equal in these experiments.

Experimental Section

All chemicals were reagent grade and were used
without further purification except tetrabutylammo-
nium chloride, which was prepared by passing the com-
mercially available bromide solution through a Dowex-1
chloride form ion-exchange resin. The preparation of
univalent salts of polystyrenesulfonate has been given
elsewhere.0 The calcium ion form of PSS (mol wt «
500,000) was prepared by neutralization of HPSS with
standard Ca(OH)2until a pH of 5-6 was obtained for
the product mixture. The magnesium ion (and in a
few instances the calcium ion) form of PSS was pre-
pared by passing HPSS through a deep cation-exchange
resin bed of the appropriate divalent ion form. Care
was taken to ensure the absence of acid in the column
effluent by monitoring its pH. The product solutions
(pH ~ 6) were dialyzed to remove low molecular weight
impurities. The dilute solution, after dialysis, was
concentrated by evaporation during exposure of the
dialysis bag to a current of air at the ambient room
temperature. The /3-emitting, high specific activity
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radioactive nuclide 3 X 105year chlorine-36 was pur-
chased from the Nuclear Science and Engineering Corp.
of Pittsburgh, Pa.

The Donnan equilibrium of polyelectrolyte and
simple salt was studied in a cell which consisted of
three compartments made of Lucite. The compart-
ments, each with a capacity of approximately 2.5
ml, were separated by a visking membrane with an ex-
posed area of 15 cm2 Entry holes through the top of
each circular compartment were used to fill the com-
partments with the desired solutions. The middle
compartment contained the polyelectrolyte solution.
The two outside compartments were filled with salt
solutions of different concentrations. The inlet holes
were sealed with a chemically inert tape to restrain
solvent transport and the whole apparatus was agitated
until equilibrium was reached. Usually 4 to 12 hr,
depending on the relative concentrations of the solu-
tions, was required to achieve equilibrium as evinced
by the equivalence of salt concentration in the two out-
side compartments.

The analysis of solutions at equilibrium was per-
formed as follows. The concentration of the salt solu-
tion which contained radioactive chlorine-36 as a tracer
was determined by chlorine activity measurement.
The salt concentration in the polyelectrolyte-salt
mixture solution was determined by the same method.
Employment of the radioactive nuclide, chlorine-36,
for the measurement of the chloride concentration is
believed to have many advantages over other methods,
such as micropotentiometric titration with standard-
ized AgNO03 solution. The tracer method has higher
sensitivity and eliminates the interference which is
caused by the presence of polyelectrolyte in our case.
The total cation concentration of the mixture was ob-
tained by converting the mixture via ion exchange into
polystyrenesulfonic acid and hydrochloric acid and by
titrating the column effluent with standard base. The
polymer concentration is the difference between total
cation concentration and the amount of salt contained
in the mixture. Owing to the high viscosity of the
polymer solution, the amount of sample was always
measured on a weight basis. The density of polymer
was measured and molality and molarity were made
available in this way.

A radiation Instrument Development Laboratories
Model 49-50 scaler was used with a Model 2-6, 2ir flow
counter for proportional counting. The decay of
chlorine-36 is characterized by i3 radiation of 0.71
MeV maximum energy. Inherent difficulties were
encountered when solid samples were employed in the
measurement. Careful attention needed to be given
to the attainment of a suitable and reproducible geo-
metrical arrangement and to the proper consideration
of scattering and absorption of radiation by the sample

(10) P. Chu and J. A. Marinsky, J. Phys. Chem., 71, 4352 (1967).
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and its mount. The following approach proved to be
satisfactory, (i) A weighed portion of the solution
was transferred to a 2.5-cm diameter aluminum count-
ing planchet on which a glass fiber filter paper was
placed. The solution was absorbed by the paper uni-
formly. (ii) The sample was evaporated to dryness
under an infrared lamp. In the case of HC1, the solu-
tion was exactly neutralized with NaOH before evapo-
ration.

The dimension and weight of planchets and the glass
fiber paper were kept as constant as possible: diam-
eter, 2.4 cm; weight of planchets, 0.72-0.75 g;
weight of filter paper, 0.30-0.032 g. A constant and
reproducible geometry was assured by this procedure.
With the low Z material of the planchets, the back
scattering problem was minimized as well.

Because our samples had finite thickness, self ab-
sorption needed to be considered. Nervik and Steven-
sonll have carefully measured the self-scattering and
self-absorption effects in various materials for emit-
ters of various maximum energies. Fortunately, in
the concentration range studied, the thickness of our
samples varied less than a maximum of 6 mg/cm2 In
this thickness range, a maximum correction factor of
4% was required. The correction factor varies very
little from material to material in this energy region
and thickness range ([3max = 0.71 MeV, total thickness
= 10 mg/cm32. Nevertheless, an experimental cor-
rection curve for different sample thickness was pre-
pared and this correction was applied to each sample
whenever necessary.

Results

The equilibrium data have been tabulated in Table
I. The equilibrium concentrations of polyelectrolyte,
m2 and salt, m3 in the central compartment are pre-
sented in columns 1 and 2 of each table. The con-
centration of salt in the two end compartments (Ms) is
listed in column 3. The computed value of y2+ is
given in column 4. The precision of the analysis of M3
zm2, and (zm2+ m3 was found to be + 1% with stan-
dard samples employed to examine this aspect and is
the basis for the error limits designated in the table
for y2+.

Discussion

If the basic assumptions that are made in the devel-
opment of eq 10 and 11 are essentially correct, it should
be possible to predict the trend in the value of y2+ for
comparison with the values of y2+ obtained experi-
mentally. It has been suggested here, on the basis of
earlier examination of the additivity rule,2-8 that in
polyelectrolyte-salt mixtures the physical-chemical
behavior of the polyelectrolyte should be unaffected
by the presence of salt, its osmotic properties being
identifiable with those of the pure polyelectrolyte at
the water activity of the mixture.8 If this is indeed
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Figure 1. Comparison of 72+ 72+ref with 72+ (eq 10);
NaPSS-NaCl-HD system.

the case, the value of 72+, relative to a reference state
concentration, should be calculable for each exper-
imental situation with the integrated form of the Gibbs-
Duhem equation to facilitate such a comparison. Such
an approach has been used successfully to calculate the
activity coefficient ratio of two exchanging ions in cross-
linked polystyrenesulfonate ion-exchange resins.12

Even though, in the experiments that have been
described, equilibrium of the water component in the
separated phases may not have been reached, there is a
sufficiently good estimate of the water activity from
its upper limit value (deduced from the concentration
of the polyelectrolyte-free salt) to assign reasonably
accurate $2and mz values13 to test the correlative po-
tential of this kind of analysis.

With decreasing water activity (increasing poly-
electrolyte concentration) the computed value of y2+/
72+ref decreases predicting y2+ behavior contrary to
that observed. This result is shown in Figure 1 for
the NaPSS-NaCl-HD system where the values of
72+/ 72+ref have been normalized to coincide with the
72+ value obtained from eq 10 at the highest water
activity (lowest external salt concentration).

The results of earlier research have indicated that
the osmotic coefficient of a polyelectrolyte is identifi-
able with its counterion activity coefficient. A the-
oretical examination of this relationship by Katchalsky
and coworkersl4 appears to substantiate this empirical

(11) W. E. Nervik and P. C. Stevenson, Nucleonics, 10, No. 3, 18
(1952).

(12) M. M. Reddy and J. A. Marinsky, J. Macromol. Sci-Phys., B5
(1), 135 (1971).

(13) M. Reddy and J. A. Marinsky, J. Phys. Chern,, 74, 3884 (1970).
(14) A. Katchalsky, Z. Alexandrowicz, and O. Keden in “Chemical
Physics of lonic Solutions,” B. E. Conway and R. G. Barradas, Ed.,
Wiley, New York, N. Y., 1966, p 295.
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Table I: Donnan Distribution Studies
m2 m Ms 2+ w2 ne Mi T+
HPSS, HC1, HD nhpss, NHLL h D
0.0277 0.00732 0.0104 0.269 + 0.018 0.0955 0.0509 0.0622 0.263
0.0302 0.00960 0.0132 0.283 + 0.018 0.1176 0.0395 0.0532 0.273
0.0328 0.0495 0.0547 0.334 + 0.068 0.1318 0.0423 0.0583 0.289
0.0396 0.0267 0.0327 0.337 + 0.038 0.144 0.0461 0.0639 0.295
0.0457 0.0457 0.0518 0.285 + 0.050 0.195 0.0389 0.0625 0.316
0.0830 0.0189 0.0284 0.286 + 0.018 0.2145 0.0343 0.0591 0.315
0.0850 0.0286 0.0391 0.292 + 0.041 0.3121 0.0692 0.112 0.359
0.103 0.0227 0.0353 0.313 + 0.017 0.332 0.0652 0.110 0.363
0.1035 0.0260 0.0386 0.302 £+ 0.022 0.4525 0.2570 0.3427 0.442
0.141 0.0509 0.0708 0.337 + 0.023 0.4816 0.2825 0.3755 0.450
0.142 0.0248 0.0425 0.339 + 0.016
0.160 0.0508 0.0730 0.338 + 0.018 KPSS, KC1, IPO
i3 oo oo DELONE  ommo  ooms om0
0.218 0.0293 0.0565 0.365 + 0.017 0.0445 0.0299 0.0352 0.259
0.220 0.0355 0.0627 0.342 + 0.017 0.0650 0.0102 0.0164 0.249
0.228 0.0200 0.0446 0.349 + 0.014 0.0813 0.0810 0.0903 0.242
0.250 0.0485 0.0837 0.384 + 0.019 0.0917 0.0923 0.1044 0.281
0.267 0.297 0.353 0.459 + 0.059 0.0960 0.0255 0.0362 0.270
0.341 0.538 0.613 0.471 + 0.078 0.0960 0.0289 0.0400 0.276
0.145 0.0196 0.0349 0.294
NaPSS, NaCl, HD 0.145 0.0217 0.0368 0.281
0.148 0.0182 0.0340 0.306
0.0250 0.0204 0.0234 0.258 + 0.040 0.165 0.0999 0.121 0.281
0.0610 0.0272 0.0342 0.259 + 0.025 0.166 0.0848 0.1066 0.297
0.0820 0.0094 0.0170 0.260 + 0.013 0.246 0.0325 0.0584 0.295
0.0923 0.0061 0.0136 0.262 + 0.011 0.253 0.0378 0.0642 0.282
0.1084 0.0528 0.0665 0.286 + 0.028 0.302 0.0368 0.0669 0.280
0.1238 0.0312 0.0455 0.284 + 0.017
0.1246 0.254 0.271 0.282 + 0.090 CsPSS, CsCl, HD
0.1275 0.0213 0.0346 0.274 + 0.015
0.1345 0.0419 0.0581 0.287 + 0.022 g'gji; 8'8‘2‘12 g'gggg g'ig
0.1452 0.0345 0.0520 0.302 + 0.014 : : : :
01472 ooz ooseo 0300 oo 000 00319 00w 0235
0.1486 0.0490 0.0678 0.302 + 0.022 : : : :
0.1640 0.249 0.274 0.320 + 0.071 0.0885 0.0327 0.0419 0.237
01688 029 o264 0312200 OU%L 00393 00503 0256
0.193 0.0448 0.0696 0.328 + 0.020 0.1034 0.0368 0.0482 0255
0.193 0.0374 0.0605 0.313 + 0.018 : : : :
0.200 0.0420 0.0672 0.328 + 0.018 g'ig‘;z 8'22% g'ggg g;j?
0.219 0.195 0.230 0.348 + 0.048 : : : :
0.2496 0.169 0.209 0.359 + 0.038 0.1490 0.0522 0.0690 0.262
0.284 0.0399 0.074 0.343 + 0.016 0.156 0.0396 0.0567 0.267
0.317 0.186 0.239 0.382 + 0.026 0.159 0.0599 0.0776 0.254
0.343 0.224 0.282 0.382 + 0.038 0.2619 0.0633 0.0937 0.288
0.529 0.331 0.426 0.411 + 0.038 0.280 0.0481 0.0798 0.301
0.656 0.298 0.424 0.465 + 0.033 TMAPSS, TMACL, HD
0.938 0.432 0.636 0.537 + 0.035
0.0574 0.0180 0.0242 0.254
LiPSS, LiCl, HD 0.0657 0.0203 0.0274 0.254
0.0210 0.0279 0.0303 0.238 0.0946 0.0168 0.0270 0.281
0.0476 0.0317 0.0380 0.291 0.143 0.0542 0.0714 0.279
0.0609 0.0469 0.0559 0.324 0.1432 0.0388 0.0557 0.288
0.0673 0.0540 0.0638 0.318 0.1500 0.0224 0.0383 0.287
0.115 0.0608 0.0772 0.324 0.270 0.187 0.237 0.434
0.119 0.0412 0.0573 0.324 0.447 0.194 0.275 0.438
0.143 0.0367 0.0544 0.307 0.617 0.267 0.395 0.514
0.157 0.0566 0.0804 0.367
0.162 0.0562 0.0784 0.328
0.183 0.0511 0.0744 0.313
0.188 0.0588 0.0873 0.377
0.204 0.0627 0.0932 0.372
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Table 1 (Continued)
mi mi Mi 2+

TEAPSS, TEAC1, HD

0.0393 0.0272 0.0311 0.213
0.0699 0.0340 0.0420 0.256
0.0750 0.0237 0.0312 0.232
0.0835 0.0478 0.0565 0.228
0.0966 0.0506 0.0610 0.238
0.1111 0.0197 0.0303 0.242
0.1112 0.0222 0.0330 0.241
0.1150 0.0278 0.0398 0.254
0.1240 0.0660 0.0811 0.272
0.1985 0.0558 0.0799 0.297
0.2460 0.0424 0.0722 0.329
0.3040 0.0548 0.0905 0.311
TBAPSS, TBACL, HD

0.0349 0.0395 0.0436 0.247
0.0459 0.0166 0.0215 0.245
0.0719 0.0426 0.0516 0.277
0.0841 0.0564 0.0634 0.177
0.0885 0.0581 0.0674 0.227
0.0944 0.0642 0.0738 0.190
0.112 0.0312 0.0430 0.251
0.118 0.0610 0.0742 0.248
0.1302 0.0695 0.0841 0.248
0.1429 0.0586 0.0725 0.218
0.162 0.0680 0.0856 0.246
0.1919 0.0613 0.0830 0.266
0.2184 0.0760 0.1023 0.283
0.3227 0.0981 0.1399 0.315
Figure 2. Comparison of 42with j 2+ (eq 10);

NaPSS-NaCIl-HD system.

observation. Indeed, when fa is compared with y2+
in these experiments there is fair agreement between
them as well. This result is seen in Figures 2 and 3
where 21315 and 72+ are compared for the NaPSS-
NaCl-H2D and Ca(PSS)2CaCl2H D systems.

Until recently this correlation of fa with 72+ would
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mi mi Ms 72+

Ca(PSS)2 CaCl2 HD

0.0457 0.01113 0.0124 0.093 +0.019

0.049 0.0078 0.00865 0.058 +0.013

0.0542 0.02233 0.0240 0.0992 + 0.030

0.0678 0.00674 0.00838 0.0917 + 0.0072
0.078 0.0100 0.0120 0.0985 + 0.0075
0.087 0.0129 0.0150 0.0890 + 0.0093
0.1015 0.01224 0.0150 0.101 +0.013

0.108 0.0189 0.0219 0.0972 + 0.016

0.114 0.00890 0.0112 0.0776 = 0.0086
0.114 0.00752 0.01035 0.106 +0.008

0.129 0.0126 0.0166 0.126 +0.012

0.246 0.0247 0.0346 0.176 +0.015

Mg(PSS)2 MgCI2 HD

0.0336 0.00936 0.0107 0.138 + 0.023
0.1047 0.01778 0.02185 0.145 + 0.018
0.106 0.01658 0.02035 0.133 + 0.008
0.110 0.0290 0.03535 0.214 + 0.027
0.1116 0.02044 0.0252 0.160 + 0.019
0.1618 0.0320 0.0414 0.231 + 0.014
0.194 0.0612 0.0756 0.279 + 0.034
0.217 0.03066 0.0418 0.217 + 0.020
0.252 0.0287 0.04 18 0.238 + 0.019
0.265 0.04057 0.0s84 0.304 + 0.024
0.317 0.0392 0.06 04 0.329 + 0.024
0.350 0.0423 0.0 68 0.381 + 0.027
Figure 3. Comparison of $2with 72s+ (eq 11);

Ca(PSS)2CaCl2H D system.

have been accepted without further discussion. Indeed,
the earlier use of this concept by one of us (J. A. M.)
has facilitated correlation of Donnan distribution data
obtained with cross-linked gels.1617 In addition, it
has provided the basis for fairly accurate predictions of

(15) M. Reddy, J. A. Marinsky, and A. Sarkar, J. Phys. Chem., 74,
3891 (1970).
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ion-exchange selectivity.1688 In fact, this research
project, conceived initially to test further the addi-
tivity behavior of polyelectrolyte and simple salt, was
expected to be facilitated by employing this relation-
ship between 02and 72+.

In the most recent work by J. A. M., however, it has
been shown conclusively that the use of the integrated
form of the Gibbs-Duhem equation to compute ac-
tivity coefficient ratios of counterions in ion-exchange
gels for the interpretation of ion-exchange selectivity
is more useful than the earlier approach that identifies
{with 72+.1618 A more satisfying correlation of pre-
diction with experiment was obtained. In the earlier
examination of this problem16 18 additional parameters
needed to be invented to achieve the same predictive
guality in the computations.

The integrated form of the Gibbs-Duhem equation
has also been employed recently to compute relative
molal activity coefficient values for salt-free poly-
methacrylic acid at different degrees of dissociation and
concentration.19 The correlation obtained between
these values and estimates of deviations from ideality
that were derived from parallel potentiometric studies
of the pure polyelectrolyte further demonstrate the
validity of this approach to 72+.

It is believed on the basis of the above arguments
that if the additivity rule is valid and polyelectrolyte
behaves as if no simple salt is present in the MPSS,
MCI, HD systems, use of the integrated form of the
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Gibbs-Duhem equation should have resolved relative
counterion activity coefficient values that describe the
physical-chemical properties of the polyelectrolyte
most accurately.

The fact that 72+ and 02resemble each other closely
while there is no such relationship predicted between
them when the Gibbs-Duhem equation is employed
may indicate that the observed additivity behavior of
polyelectrolyte and simple salt2-8 is a fortuitous result
and that a complicated interaction between poly-
electrolyte and simple salt is instead operative. If
this is the case the assumption that the Gibbs-Duhem
equation may be used to analyze the three-component
systems as hypothetical two-component systems is
false and responsible for the complete lack of agree-
ment between and y2+ computed by this approach.

Acknowledgment. The authors wish to express their
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(16) J. A. Marinsky, “Interpretation of lon-Exchange Phenomena”
in “lon Exchange,” Vol. 1, Marcel Dekker, New York, N. Y., 1966,
p 353.

(17) J. A. Marinsky, J. Phys. Chem,, 71, 4349 (1967).
(18) J. A. Marinsky, ibid., 71, 1572 (1967).

(19) G. Torrence, S. Amdur, and J. A. Marinsky, ibid.,, 75, 2144
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Thermodynamics of the Association of Aqueous Europium (111) and Sulfate lons
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Differential uv absorption spectrophotometry was employed to investigate the formation of agueous EuSC>4+
from Eu3+ and SO42- as a function of europium (111) and sulfate concentrations, wavelength, temperature, and
constant (0.045 m) and variable ionic strengths below 0.046 M. The equations used to determine the associa-
tion constant of EuS04+ were modified to correct for any interference due to the presence of Eu(S042- and
NaSCh- ions. The association constants at infinite dilution were found to be 4.69 X 10s,7.09 X 103 10.96 X

103 and 16.78 X 103at 25.0, 38.5, 51.6 and 65.1°, respectively, yielding AHI® = 6.2 kcal/mol and ASi0 =

37.4 cal/(mol deg) after assuming ACpi° = 0. When these association constants were interpreted in terms
of a finite ACpi° term, the resulting AH\® and Assio values at 25° agree very well with those obtained from

calorimetry. The association constant at 25° is in excellent agreement with those obtained from conductance

studies, but not with those from investigations employing different methods. The discrepancy has been

noted before and evidence is now given to show that it was probably due to significant formation of the Eu-
(S0492- complex in those previous investigations other than conductance. The sign and magnitude of the
AHi°® and Asi° terms strongly suggest that in dilute aqueous solutions the monosulfato complex is primarily
inner-sphere. A limited study was also made on the disulfato system at the same constant ionic strength,

temperatures, and wavelengths as for the monosulfato complex.

Introduction

Previous investigations on the formation of aqueous
monosulfato rare earth(ll1) ions as illustrated in eq la
show little, if any, agreement in their equilibrium con-
stants reported for zero ionic strength.1-5

RE3+ + SO0&- = RES04+ (1a)

Comparisons are difficult to make for those studies at
high ionic strengths, particularly in various media, due
to differences in the activity coefficient term or to un-
defined medium effects.67 Of particular interest are
those formation constants determined at low ionic
strengths by spectrophotometry238 and conductance.4
The results obtained from conductance studies should
be highly reliable since the work was carried out in very
dilute stoichiometric solutions without the addition of
added “inert” electrolytes. However, the equilibrium
values from spectrophotometry have been criticized,
since they are significantly lower than those from con-
ductance studies. The reasons given for this descrep-
ancy have been vague and inconclusive.2 In fact, the
usefulness itself of spectrophotometry for this type of
investigation has been severely questioned.910

It has been postulated that the aqueous rare earth-
(111) monosulfate ions are primarily outer-sphere; i.e.,
at least one water molecule separates the rare earth
and sulfate ions. This belief probably stems from
their similarity to the first row transition metal bi-
bivalent sulfates which generally have been considered
as outer-sphere: e.g., fairly consistent equilibrium con-
stant values within each series and failure of sulfate ion
to affectll the visible absorption spectra of the aquated

cations for both series in dilute solutions. However,
these observations for the rare earth ions could be ex-
plained as due to the high degree of shielding of their
4f bonding electrons by the filled 5s and 5p orbitals.
Manning has analyzed the K\/K2 ratios for many of
the aqueous rare earth chlorides and some sulfates in
terms of hydration numbers and a theorem proposed by
Bjerrum. He concluded that the rare earth sulfates
are clearly of the outer-sphere type.7

On the contrary, the recent solvent extraction and
calorimetric studies of aqueous rare earth sulfate for-
mation in 2 M NaC104by DeCarvalho aud Choppin2
strongly support the inner-sphere model. Ultrasonic
absorption studies of agueous monosulfate formation
on a number of rare earths have led Fay, Litchinsky,

(1) L. G. Sillin and A. E. Martell, “Stability Constants,” 2nd ed,
Metcalfe and Cooper Ltd., London, 1964, p 237.

(2) J. C. Barnes, J. Chem. Soc., 3880 (1964).

(3) J. C. Barnes and C. B. Monk, Trans. Faraday Soc., 59, 578
(1963).

(4) F. H. Spedding and S. Jaffe, J. Amer. Chem. Soc., 76, 882 (1954).

(5) R. M. lzatt, D. Eatough, J. J. Christensen, and C. H. Bar-
tholomew, J. Chem. Soc. A, 47 (1969).

(6) T. Sekine, J. Inorg. Nucl. Chem., 26, 1463 (1964).
(7) P. G. Manning, Can. J. Chem, 43, 2911 (1965).

(8) T.W. Newton and G. M. Arcand, J. Amer. Chem. Soc., 75, 2449
(1953).

(9) C. B. Monk, “Chemical Physics of lonic Solutions,” 1st ed,
B. E. Conway and R. G. Barradas, Ed., Wiley, New York, N. Y.,
1966, p 185.

(10) C. B. Monk, “Electrolytic Dissociation,” 1st ed, Academic
Press, London, 1961, p 191.

(11) J. Smithson and R. J. P. Williams, J. Chem. Soc., 457 (1958).

(12) R. G. DeCarvalho and G. R. Choppin, J. Inorg. Nucl. Chem,
29, 737 (1967).
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and Purdie to the conclusion that the complexes formed
are predominately inner-sphere.13 In addition, there
is some belief that the first row transition metal sulfates
may actually be inner-sphere.4

Owing to these conflicting opinions, an investigation
was initiated to determine (1) why the formation con-
stants for the monosulfate complex obtained from spec-
trophotometry have been significantly lownr than those
from conductance and (2) whether the complex formed
between rare earth(l11) ion and sulfate ion is primarily
of the inner- or outer-sphere type.

It was decided to use europium perchlorate, since it
was the only rare earth(l11) ion that was found to ex-
hibit a new absorption peak (240 m// at 25°) when small
amounts of sulfate ion were added to a dilute solution
of the salt. Although some other rare earth perchlo-
rates do show a general broadening and increase in
their uv absorption peaks upon the addition of sodium
sulfate, this is not considered as conclusive evidence for
a new species.’5 Interference due to Eu(S042_ ion
could not be reduced to acceptable levels. Therefore,
a limited study was also made on this system, since the
necessary data required to correct for its presence under
the same experimental conditions as employed in the
mono- investigation were not available. However,
suitable thermo-dynamic data were available for
NaS04~-.1817

Experimental Section

Reagents. The stock and test solutions were pre-
pared volumetrically using doubly distilled water. All
glassware employed was made of Pyrex and except for
the beakers possessed class “A” tolerances.

The europium perchlorate stock solutions were made
up by dissolving the oxide (99.97% pure) with reagent
grade perchloric acid so that the resulting solution had
a very slight excess of acid. The concentrations of
these stock solutions were determined by EDTA titra-
tion.

The stock sodium sulfate solutions were prepared
directly from Baker Analyzed reagent grade salt, after
drying at 140°. The purity of the salt was verified
gravimetrically by precipitation of the sulfate as the
barium salt.

The sodium perchlorate stock solutions were made
up from the reagent grade salt manufactured by the
G. Frederick Smith Chemical Co. without further
purification. It was analyzed by weighing as the an-
hydrous salt, after drying at 600°. The concentrations
of all the stock solutions were known to an accuracy of
+0.2%.

The test solutions were prepared directly in 200-ml
flasks by the use of burets and pipets at 25.0°. Those
used in the constant ionic strength studies were made
up to possess the same 0.045 + 0.001 m ionic strength
at all experimental temperatures at equilibrium. They
were prepared in pairs, each having identical stoichio-
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metric concentrations of each salt, except the reference
solutions which contained no sodium sulfate. The
differential absorbancies of 12 to 14 and 8 to 10 of these
pairs were measured at each temperature and wave-
length for those investigations at constant and variable
ionic strengths, respectively. Sodium perchlorate was
used only in those test solutions made up to a constant
ionic strength. The test solutions were found to pos-
sess pH’'s of 5.0 £+ 0.1. To calculate the changes in
molar concentration with temperature, the densities of
the test solutions were assumed to be those of pure
water. The errors thus introduced were calculated to
be insignificant at the low ionic strengths used.

Analysis of the Test Solutions. A Cary Model 14
recording spectrophotometer was utilized for the mea-
surement of the experimental absorbancies. It was
equipped with a thermostatable cell compartment and
cell holders. An external water bath, held to at least
+0.1° at all the temperatures employed, was used to
supply the constant temperature liquid for the Cary
and to prewarm those test solutions studied above 25°.
The experimental temperatures were determined to
have an accuracy of £0.1° at 25.0, 38.5, and 51.6° and
+0.2° at 65.1°.

The optical cells employed were cylindrical and made
by Aminco from fused quartz. To correct for mis-
matching and base-line drift, the sample and reference
cells were filled with distilled water and compared at
all the wavelengths employed. This was done at the
experimental temperature before and after the initial
and final test solutions were examined. The absor-
bancies of the two cells with distilled water were never
found to differ by more than 0.004 absorbancy unit.
During this investigation, the path lengths were varied
from 2 to 10 cm, so that the majority of experimental
absorbancies would fall between 0.2 and 1.0.

The optical cells were filled by the use of a special
pipet so designed that it could be quickly loaded and
drained. The cells were emptied by a needle-nosed
Pyrex tube attached to an aspirator. Three to four
rinsings were generally found necessary before the dif-
ferential absorbancies became constant. Readings
were then taken every 10 min until no change was noted
for at least 20 min. For maximum accuracy, all read-
ings were taken manually and not from a recording of
the spectra.

Equations and Definitions of Terms. The molar
thermodynamic equilibrium constant Kfi for the as-

(13) D. P. Fay, D. Litchinsky, and N. Purdie, J. Phys. Chem., 73,
544 (1969).

(14) Discussion of paper on Section Il in “Chemical Physics of
lonic Solutions,” 1st ed, B. E. Conway and R. G. Barradas, Ed.,
Wiley, New York, N. Y., 1966, pp 281-290.

(15) T. W. Newton and F. B. Baker, J. Phys. Chem,, 61, 934 (1957).

(16) 1. L. Jenkins and C. B. Monk, J. Amer. Chem. Soc., 72, 2695
(1950).

(17) G. Atkinson and C. J. Hallada, ibid., 84, 721 (1962).
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sociation of europium(l11) and sulfate ions as expressed

by eq Ib is the product of its formation constant Kx

and its activity coefficient factor (y%).

Eu3+ + S04 A~ EuS04+ (Ib)
[EuS04+]

(22)
1" [Eu3+][S04-~]

X = (2b)

I(VEu3+)(1/so4-)1

Similarly for disulfato formation

EuS04+ + S04 ~ Eu(S042 (3)
[Eu(S042-] (4a)

2  [EuS04+][S04>]
0 j yEWS002 ) (4b)

U2/euS4) (y SO )/

In this investigation the activity coefficient factor,
although unknown, was assumed to have been invariant
at each temperature for those studies made at constant
ionic strength. To keep the equations as simple as
possible, the hydration spheres of the ions have not
been shown.

The derivations of eq 5a, 7, and 9 used to evaluate
Ki, Ki, (ei — e°) and (e2— e°) from the differential ab-
sorbancy data assumed that the Beer-Lambert lawB
and the law of mass action were applicable over the ex-
perimental conditions employed. Their derivations
have been given elsewhere (see ref 10 and 19, pp 186
and 274-277, respectively). Equation 7 shows a slight
modification to correct for the concentration of NaS04~
ion pairs. At the concentrations and wavelengths em-
ployed, the absorptions by sodium sulfate were found
to be unimportant. Also, the formation of bisulfate
ion was calculated to be insignificant.

[S(V-] = 1
a Kite -

[SVD g
) + € )

[SO2] = S — [EuSCV] - [NaS04]  (5b)

Ag Ar

[EuS04+] - e (5¢)
_ Q(N + 2s)[so&
[NaS04] = 1+ Q[SO02] (6)
+ AJ[SOL KB - (@- €} =
_ u a ( m [NaSQ4IM
@ . AT([Eu3+V [S04-1 Jf Y
E
[Bustl . Aqso@] + ATAZ[SO4 ®
ft —(e2—e°) + I — e°)
1
a l+ 27 0)

32.1)K
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[S0%&-] = S — e X
v ALV Nas04] (10
+ (e2- e°)AZ[S0&- [Na 1 (10
Ki =
[S043-1{(ei - €°) + (e2- 6°)A2[S04-] - no
a(i + a?2[S0£-])}
where a = (As — AT/EL, a = (As — Apn/SL, Q =

[NaS04_]1/{ [Na+][S04£-]}, E = molar concentration
of Eu(C10493 S = molar concentration of NaXx04
N = molar concentration of NaC104 L = path length
in centimeters (same for both sample and reference
cells), As = absorbancy of the sample solution, Ar =
absorbancy of the reference solution, 6° = molar
extinction coefficient of Eu3+, e4 = molar extinction
coefficient of EuS04+, €2 = molar extinction coefficient

of Eu(S042_, [X] = molar concentration of X at
equilibrium

ﬁ ] AZ2A1'°-) ]

jlog Ki - 1+ /1;] = log Ki° - (AZ2AD)I (12)
AZ2 = SZ2products) — 2Z2reactants), Z = charge

on the ion, D is an empirical constant whose value is
a function of the temperature, pressure, electrolytes,
and medium employed, A is the Debye-Hiickel con-
stant (temperature and pressure dependent), and / =
equilibrium ionic strength

| = QE+ 3S+ N -
S[Eu(S042] -

6[EuS04+] -
2[NasS04] (13)

Determination of K\, Ki°, and X2 Equation 5a was
used for the single study at constant ionic strength in
which the stoichiometric europium perchlorate concen-
trations were held constant, while those of sodium sul-
fate were allowed to vary. The presence of Eu(S042~
was ignored. First a plot of S/a vs. S was made by
allowing [S04£-] = S. The resulting slope, l/(ei —
e°), was used to calculate the initial [EuSO0 4+] concen-
trations fromeg5c. The [NaS04 ]Jconcentrations were
then obtained from eq 6, assuming [S04&-] = S. The
first values for [S042-] were then calculated from eq 5b
and the procedure was repeated, using progressively
more accurate [S042-] values each time, until the
change in Kxas determined from the intercept was less
than 0.1%.

A value of 5.0 was used for the formation constant of
the NaS04_ ion pair, Q, at 25° and infinite dilution.®
Equation 11 was used with D = 0.3 to calculate its

(18) F. Daniels, J. H. Mathews, J. W. Williams, P. Bender, and
R. A. Alberty, “Experimental Physical Chemistry,” 5th ed, McGraw-
Hill, New York, N. Y., 1956, p 20.

(19) J. C. Rossotti and H. Rossotti, “The Determination of Stability
Constants,” 1st ed, Maple Press Co., York, Pa., 1961, p 277.
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ionic strength dependence. It was felt that this value
for D, as recommended by Davies,® could be safely
used because of the fairly low AZ2 term of —4 for
NaS04~ formation and the dilute ionic strengths em-
ployed. The temperature dependence of Q was calcu-
lated from the van't Hoff equation (assuming Acp° =
0) using the AH° value of 1.1 kcal/mol determined
calorimetrically at 25° by Atkinson and Hallada.T7

Accurate Ki values were obtained at a constant ionic
strength of 0.045 t from studies where the stoichio-
metric sulfate concentrations were held constant while
those of europium were allowed to vary. The basic
procedure was very similar to the one just discussed for
eq 5a. First Ki and (e4 — €e°) were obtained from an
experimental set of differential absorbancies by using
eq 7 in conjunction with eq 6, 8, and 10, which initially
set K2and (e2—e°) = 0, [Eu3+] = E, and [S0L-] =
S. An iterative process was then employed using re-
fined values for [S042-], [NaS04_], and [Eu3+], until
the change in K\ was less than 0.1%, generally after
six to eight cycles.

These initial Ki and («4 — e°) values were then em-
ployed in eq 9 in conjunction with eq 6 and 10 to ob-
tain Ki and (e2 — €°) at a constant ionic strength of
0.045 to. Here the stoichiometric europium concen-
trations were held constant while those of sulfate were
allowed to vary. Again, an iterative process was used
which set [S04£-] = S for the first cycle. The pro-
cedure was repeated using progressively more accurate
[S0£-] and [NaS04~] concentrations each time, until
the change in K2was less than 0.1%; four cycles were
required.

These initial K2and (e2 — e°) values were then used
to obtain better Ki and (e, — e°) values from eq 7 as
described above. These in turn were employed to ob-
tain better K2 and (e2 — e°) values from eq 9 by re-
peating the above iterative process. This procedure
was repeated until the change in both Ki and K2was
less than 0.1%; three cycles were required.

The final («4—e®), (e2— e°), and K 2values from the
constant ionic strength studies, in which corrections
were made for the presence of both Eu(S042~ and
NaS04 ion pairing, were then employed in the investi-
gation made to determine Kxat various ionic strengths.
It was assumed that the differential extinction coeffi-
cients at any one wavelength and temperature re-
mained invariant over the entire ionic strength range of
0.046 to 0.006 M. Since K2 was determined only at
0.045 to, Davies’' equation® was used to calculate its
value at the other ionic strengths employed. Due to
the short extrapolation, lowr JAZ2]value, and the small
correction which K2 makes to Klt this use of Davies'
equation provided the desired accuracy. Since K2was
measured at each of the temperatures employed, no
previous knowledge of AH2was required.

First [EuS04+] was calculated directly from eq 5c.
Then an approximate ionic strength for a single test so-
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lution was determined from eq 13 by ignoring the pres-
ence of Eu(S0492~ and NaS04~. Using this approxi-
mate ionic strength, K2 and Q were obtained from
Davies’ equation. Then, setting [S04‘'] = S, the
initial [NaS04 ] and [S042-] concentrations were cal-
culated using eq 6 and 10. Next, Ki was calculated
directly from eq 11, [Eu3+]from eq 8, [Eu(S042~] from
eq 2a and 4a and [EuSO04+] from eq 2a. After this
process was completed for the desired number of test
solutions having different ionic strengths, but whose
differential absorbancies were measured at the same
wavelength and temperature, the resulting Ki values
were extrapolated to infinite dilution using eq 12 in the
usual manner. The intercept yielded the desired mo-
lar thermodynamic formation constant Ki°. This
process was repeated, but without eq 5c, using pro-
gressively more accurate [S042-] concentrations, until
the change in Ki°® was less than 0.1%. Generally, only
two iterations were required to reach convergence.

The method of least squares was used exclusively
throughout this investigation. All of the data were
weighted in the manner described by Wolberg.2L In
the calculations leading to Ki, Kx¥, and K2 the Pierce-
Chauvenet rejection criterion was invoked to reject any
experimental points falling outside the 95% confidence
level.2 Each time a point was rejected, that particular
set of iterations was repeated from the beginning.
After converting the equations into fortran IV com-
puter language, an IBM Model 360 digital computer
performed the calculations.

Results

The absorbancies of dilute aqueous europium per-
chlorate solutions (1 X 10“3to 10 X 10_3 M) were
studied at 25° by recording the spectra of the pure so-
lutions vs. distilled water from 300 to 200 mu. Only
five peaks were observed and they possessed very low
extinction coefficients; i.e., e < 1 A strong absorp-
tion started around 240 m/n and continued beyond 200
in/ii, the limit of the spectrophotometer. Jorgensen
reports that a peak exists for europium (l11) ion at 188
mu.8 The extinction coefficients, based on decadic
logarithms, were calculated to be 2.2 X 102 1.3 X 102
5 X 101 9, and 1.4 I./(mol cm) at 200, 210, 220, 230,
and 240 m/i, respectively. The peak reported at 210
m/x by Stewart and Kato2was not found.

The addition of sodium sulfate to 5 X 10~3M solu-
tions of europium perchlorate, so that the final solutions
were 1 X 10-3 to 20 X 10-3 M in sulfate ion, produced

(20) C. W. Davies, “lon Association,” 1st ed, Butterworths, London,
1962, p 41.

(21) J. R. Wolberg, “Prediction Analysis,” 1st ed, Van Nostrand,
New York, N. Y., 1967, p 36.

(22) W. Chauvenet, “Spherical and Practical Astronomy,” Vol. V,
Lippincott, Philadelphia, Pa., 1868, p 558.

(23) C. K. Jorgensen and J. S. Brinen, Mol. Phys., 6, 629 (1963).
(24) D. C. Stewart and D. Kato, Anal. Chemn., 30, 164 (1958).
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Table I:

Formation Constants and Differential Extinction Coefficients" for the Monosulfato System
at a Constant lonic Strength of 0.045 m as a Function of Wavelength and Temperature
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Temp, °C
@25, 0mmmmemmemonen \ 38.5 . ; 51.6 e 65.1
X, mix Ki (« - €° Ki (« - € Ki (« - <) Ai (« -
230 568 70.4 789 70.9 1131 69.7 1670 67.9
236 564 80.9 798 84.6 1132 87.5 1637 88.3
240 576 81.0 791 87.6 1131 93.0 1691 95.8
245 565 75.0 795 83.7 1129 92.4 1689 97.9
250 578 63.3 789 73.7 1136 83.8 1716 92.1
255 575 49.6 805 59.6 1120 71.0 1704 80.5
“ Units: I./(molcm).

a new peak at 240 m/x, which was proportional to the
sulfate concentration. This observation confirmed that
reported by Barnes.2

The initial study to determine K\ was made at 25°
by measuring the changes in the differential absor-
bancies from 230 to 250 m/x for a series of solutions in
which the europium concentration was held constant
at 5 X 10~-8M, while that of the sulfate ion was varied
from 3 X 10 3to 13 X 10~3 M. The ionic strength
was held constant at 0.049 m.

The experimental data were found to fit eq 5a very
well. However, K4 was a distinct function of wave-
length, i.e., 275, 289, and 337 at 230, 240, and 250 m/x,
respectively. This drift was much greater than that
expected from the experimental error. The simplest
explanation was that the disulfate complex was also
being formed in appreciable amounts and, since the
(«1 — e®)/(c2— e°) ratio would not be expected to re-
main constant with wavelength, Kxwould also become
a function of wavelength.®

A check on this hypothesis of di-ligand interference
was made by studing the association at approximately
the same ionic strength and temperature, but now at
significantly lower sulfate:europium ratios; i.e., <I1.
The stoichiometric sulfate concentrations were held
constant while those of europium(111) were allowed to
vary.

The resulting differential absorbancies were found to
fit eq 7 very well, yielding linear curves at each experi-
mental wavelength from 225 to 255 m/x, even though
K2and (e2— e®) were set equal to zero. The Kxvalues
were now invariant with wavelength and much larger
than before, i.e., 600 as compared to about 300. Re-
sults from this study were used to select the best con-
stant ionic strength and range of salt concentrations
to reduce the formation of Eu(S042_as much as pos-
sible, yet providing accurate formation constants and
extinction coefficients for the monosulfate complex.
These were calculated to be 1.1 X 10-3 M for sulfate
and 1.4to 8 X 10_3 M for europium at a constant ionic
strength of 0.045 m over the wavelength range of 230
to 255 mix.

The final formation constants and extinction coeffi-
cients for the monosulfate complex at the ionic strength
of 0.045 + 0.001 m for all the temperatures and wave-
lengths studied are shown in Table 1.3 The formation
constants at each temperature were found to be inde-
pendent of wavelength. The averages of the standard
deviations for Kx were found to be 1.1, 1.0, 0.6, and
1.1% at 25.0, 38.5, 51.6, and 65.1°, respectively. The
Pierce-Chauvenet rejection criterion generally dis-
carded one point and never more than four.

The final formation constants and extinction coeffi-
cients for the disulfate complex as a function of wave-
length and temperature are shown in Table Il. The
Ki values at all temperatures displayed no real trend
with wavelength; however, there was considerably
more scatter and higher standard deviations than those
found in the Kx investigation. The averages of the
standard deviations in K 2were found to be 10, 4, 7, and
12% at 25.0, 38.5, 51.6, and 65.1°, respectively. This
loss of accuracy was expected, since at the ionic strengths
employed the [Eu(S042~]/[EuS04+] ratios could not
even be raised above unity. The best values for K2
were determined to be 18, 25, 50, and 54 at 25.0, 38.5,
51.6, and 65.1°, respectively. A value of 6.2 + 05
kcal/mol for AH2at the experimental ionic strength of
0.045 w was obtained using the van't Hoff equation,
after setting ACp2 = 0. This lead to a AS2value of
26 + 2 cal/(mol deg). The uncertainties given for
AHo and A$2were the experimental standard deviations.
No attempt was made to interpret the data in terms of
a finite ACp2term because of the large uncertainties in
K2

The variable ionic strength investigations were car-

(25) Sioce [Eu(S0i)2“]/[EuS04+] = /GtSOi2"], keeping the con-
centration of sulfate ion as low as possible is the most important
single factor in reducing Eu(SOi)2- formation.

(26) The raw differential absorbancy data for the test solutions at all
the ionic strengths, wavelengths and temperatures employed will
appear immediately following this article in the microfilm edition
of this volume of the journal. Single copies may be obtained from
the Business Operations Office, Books and Journals Division, Ameri-
can Chemical Society, 1155 Sixteenth St., N.W., Washington, D. C.
20036, by referring to code number JPC-72-1887. Remit check or
money order for $4.00 for photocopy or $2.00 for microfiche.
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Table I11:

Clarence F Hale and F H. Spedding

Formation Constants and Differential Extinction Coefficients” for the Disulfato System

at a Constant lonic Strength of 0.045 m at a Function of Wavelength and Temperature

Temp, °C
25.0 P — T Ja— 51.6 R 65.1
X mi k2 (« —«°) K, «@- i° K2 (« - <) K2 @ —0C)
230 19 155 27 161 53 139 61 145
236 19 169 28 169 46 170 56 177
240 17 170 29 163 51 165 54 184
245 19 143 22 160 49 158 53 177
250 12 143 23 129 51 137 48 160
255 19 87 23 100 49 113 50 130

aUnits: I./(mol cm).

ried out from 0.006 to 0.046 M over the same wave-
length and temperature range covered in the constant
ionic strength studies. It was found impossible to go
any lower than 0.006 M and still retain the desired ac-
curacy in the absorbancies.

The thermodynamic formation constants, KX, ob-
tained from the extrapolations of the Kxvalues to in-
finite dilution are given in Table Ill. As in the study
at constant ionic strength, Ki°® showed no definite trend
with wavelength. The averages of the standard de-
viations were found to be 1.5, 2.1, 2.8, and 3.9% at
25.0, 38.5, 51.6, and 65.1°, respectively. The final
values for Kxand KX given in Table IV were obtained
by averaging those from 230 to 255 mu.

Table I11:  Thermodynamic Formation Constants {Ki° X 10—3
for the Monosulfato System at Infinite Dilution as a
Function of Wavelength and Temperature

X, Gmmmmmmmmmmmme mmmeeemeeeee Temp, "C----mmmmmmmmeee
mii 25.0 38.5 51.6 65.1
230 4.67 6.90 10.85 16.36
236 4.64 6.93 10.85 16.65
240 4.74 6.99 10.96 16.82
245 4.67 7.25 11.13 17.04
250 4.70 7.10 11.07 16.77
255 4.68 7.34 10.91 17.02
Table 1V: Final Formation Constants for Aqueous
Monosulfato Europium(l11) lon
mlonic strength-
Temp, M- 0.045 M- e * 0-
°C Ki X 10-2 K x 10-2 Ki® X 10-3  «° X 10-3
25.0 5.71 + 0.06 5.69 4.69 + 0.07 4.68
38.5 7.95 + 0.08 7.89 7.09 £ 0.15 7.04
51.6 11.30 + 0.07 11.16 10.96 + 0.31 10.82
65.1 16.85 + 0.18 16.52 16.78 + 0.65 16.45

Since the molar concentration scale is a function of
temperature, the Kx and Kx° values were converted
first to the molal scale before the changes in enthalpy
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and entropy were calculated. To distinguish between
the two concentration scales, the ones on the molal
scale have been written as kxand ki°. These conver-
sions were accomplished simply by multiplying Kxand
KX by the density of pure water (see Table 1V). For
the Ki conversions no error was introduced, but this
was not true for those at constant ionic strength.
However, in the AHXcalculations it was the change in
density with temperature that was important and not
its absolute value. Even in the subsequent ASXcalcu-
lations, the error introduced by the above assumption,
although slightly larger, was calculated to be well
within the experimental error.

The logarithms of the kxand k¢ data from Table 1V
were found to exhibit quadratic behavior when plotted
vs. T. The resulting equations are shown below with
their uncertainties (experimental standard deviations).

log Kk = 3.2595 - 1.3358 X 10~*T +

3.9127 X 10-5T2 + 0.00009
log ki° = 0.77315 + 6.1729 X 10-8T +
1.1868 X 10~5T2 + 0.0030

These two equations were used to calculate AHXand
AHX at each experimental temperature from the re-
lationship AHi° 7fT2c) In m°fdT). An average
AHXand AH\° applicable to a temperature of 45° were
also obtained from linear plots of log kxand log /ci® vs.
1/T; i.e., ACpx and ACpx* were set equal to zero.
These thermodynamic values in addition to the entropy
and heat capacities, calculated from AXi° = AH°/T +
R In ki® and ACpx = (2QAHXZ>T)V, are given in Table V.

Discussion

As previously mentioned, the literature values re-
ported for Kxand Kx° at 25° from earlier investigations
show little, if any, agreement; e.g., KX values range
from 2300 to 5300. Two of these studies warrant dis-
cussion, because of their importance to this investiga-
tion.

Barnes2has studied the association of europium (111)
ion with sulfate at a constant ionic strength of 0.049 M
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Table V: Thermodynamic Functions for the Formation of
Aqueous Monosulfato Europium(l1l) lon from
This Investigation®

A. lonic Strength = 0.045 m

Temp, _ACpx = 0—

°c A AS AMH A A
25.0] 4.1 26 59
gizj 51+ 0.3 29.6 + 1.2 :2 22 gi
65.1] 6.9 35 82

B. lonic Strength —%*0

Temp, - AP0 = 0--ooemeeeev
"C AHP ASP AHO AS0 AP
25 01 5.4 35 46
38.51 6.0 37 49
2+ 0. 7.4 +1.
51.6 6 0.3 3 0 6.7 39 53
65.1 7.4 41 62

° Affiin kcal/mol and AS, and ACp, in cal/(mol deg), respec-
tively.

and a temperature of 25° by employing differential ab-
sorption spectrophotometry. He did this work at only
one wavelength (240 m/x) and ignored the formation of
NaS04~ ion pairing. To obtain the thermodynamic
formation constant for EuS04+ at infinite dilution he
used Davies' equationd instead of measuring the for-
mation constant as a function of ionic strength. His
value of 2.3 X 103 (correction for NaS04~ ion pairing
would raise it about 10%) is significantly lower than
4.7 X 103found in this study. He reported no inter-
ference from the formation of the disulfate species al-
though his salt concentrations and ionic strength were
almost identical with those used initially in this study,
in which Ki was found to be a function of wavelength
due to the formation of significant amounts of Eu-
(80492 Barnes’ conclusion that the linear fit he ob-
tained using eq 5a proved that EuS04+ was the only
sulfato complex present was incorrect, since as pointed
out quite convincingly by Kruh,Z such a linear fit does
not exclude the presence of higher order complexes,
even in appreciable amounts.

The conductance study made at 25° by Spedding and
Jaffed4on a series of aqueous rare earth sulfates has pro-
vided very accurate values for Ki°. Their work was
carried out at ionic strengths as low as 2.5 X 10~4 M.
Since pure salts were employed .without the addition of
added “inert” electrolytes, interference due to NaS04_
was completely eliminated while that due to Eu(S042~
was made insignificant. The large deviations from the
Onsager equation were interpreted as due to mono-
sulfato complex formation. Although europium sul-
fate was not studied, the rare earths lying on either side
of it were. Using a values obtained from emf studies
and the Debye-Hiickel limiting law, a value of 4.6 X
103 at infinite dilution was calculated for both SmS04+
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and GdS04+ formation. This value for Ki°® is in ex-
cellent agreement with that of 4.7 X 103from this in-
vestigation.

The recent calorimetric studies by lzatt, Eatough,
Christensen, and Bartholomew6 and Fay and Purdie?
on the formation of aqueous EuS04+ ion make possible
a direct comparison of our enthalpy and entropy data
for the infinitely dilute solution at 25°. Their AHI°
and A*Si° values ranged from 3.64 to 4.13 kcal/mol and
28.4 to 30.6 cal/(mol deg), respectively, and are in fair
agreement with those of 5.4 kcal/mol and 35 cal/(mol
deg) from this investigation. The differences can
probably be attributed to the dissimilar analytical and
extrapolation methods employed. Our average ACpi°
value of 52 cal/(mol deg) also compares favorably with
that of 70 cal/(mol deg) calculated for Cr(OH2SNCS2+
formation in aqueous solution from 14 to 95° by
Postmus and King.®

At different finite ionic strengths, direct comparisons
of our thermodynamic data with those of others be-
comes much more difficult, particularly when the
“inert” media are not identical. However, for an as-
sociation reaction where there is a decrease in total
charge, as in eq Ib and 3, theory predicts that in dilute
solutions both the AHi and A/h terms should decrease
as the ionic strength increases. This expected trend is
well illustrated when the results from this study at
infinite dilution and 0.045 m (see Table V) are com-
pared with those in 2 M NaC104by DeCarvalho and
Choppin.2 They employed a direct calorimetric
method which yielded 3.88 kcal/mol and 19.3 cal/(mol
deg) at 25° for AHi and A&i, respectively.

Due to the ability to separate and study the complex
species of inert cations, definite thermodynamic infor-
mation can be obtained concerning inner- and outer-
sphere formation. Most of this work has been done
using cobalt(lll) and chromium(lll) ions (see pp 238
and 241 of ref 1). The thermodynamic values for the
formation of the monosulfate complex of these cations
are shown in Table VI.

The enthalpy term arises from the difference in bond
energies of the products and reactants, whereas the

Table VI: Thermodynamics of Inner- and Outer-Sphere
Monosulfato Formation of Co(l11) and Cr(lll) lons*

Cation Affiat  AHin ASat ASin 1, M
Co(NH363+ 0.4 16.6 >m0
Cr(OH2&3+ 0 7.2 4.9 29 1 (NaClOi)
Co(NH3BOH2B+ -0.3 3.8 1 (NaCloi)

“ Affi and ASi in kcal/mol and cal/(mol deg), respectively.

(27) R. Kruh, J. Amer. Chem. Soc., 76, 4865 (1954).
(28) D. P. Fay and N. Purdie, J. Phys. Chem., 73, 3462 (1969).
(29) C. Postmus and E. L. King, ihid., 59, 1208 (1955).
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entropy measures the overall change in the order of the
system which accompanies the reaction. For outer-
sphere formation, AHi or ASi values near zero would be
expected, since the primary hydration spheres are
largely unaffected. However, for inner-sphere forma-
tion, the opposite would be true, particularly where the
AZ 2term is large as in the present and analogous studies
with Co(l11) and Cr(l11) ions.

Comparing .the AHi° and A&i° values from this in-
vestigation with those from Table VI for inert systems
strongly indicates that EuS04+ is primarily an inner-
sphere complex. This conclusion was also drawn by
DeCarvalho and Choppin from their studies made in
2 M sodium perchlorate at 25°.12

It should be noted that the Ki values obtained from
this study actually represent the sum of the formation
constants for the inner- and outer-sphere species.
Merely making the spectroscopic studies at various
wavelengths cannot by itself enable one to separate K\
into its component parts. Also, since the activity of
water was essentially constant during these experi-
ments, nothing was learned regarding whether sulfate
ion was acting as a mono- or bidentate ligand.

Davies® has recommended that at 25° 0.3 be em-
ployed instead of his older value of 0.2 for D in eq 12.
He gives much evidence to show that this value de-
scribed fairly well the activity coefficients for a number
of 1-1, 1-2, and 2-1 electrolytes up to stoichiometric
concentrations of 0.010 M and a few 3-1 electrolytes to
0.035 M. In this investigation (where the AZ2term
equals —12), the much larger value of 0.6 was obtained
for D at 25°. The difference in these two values for D
becomes very apparent when an extrapolation from an
ionic strength of 0.10 M to infinite dilution is consid-
ered. Here, the K° obtained by using Davies’ recom-
mended value of 0.3 for D would be more than 50%
larger than that calculated by employing 0.6. There-
fore, for reactions possessing large AZ2 terms, it is
strongly recommended that the low ionic strength de-
pendence of K be measured, if accurate K° values are
desired. Many investigators220-32 have employed
Davies’ equation to directly calculate Ki° values for eq
la using data obtained at ionic strengths around 0.1 M.
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Therefore, their equilibrium constants for the infinite
dilute solution should be considered as only qualitative.

In many studies similar to that reported in this paper,
interferences due to disulfate and NaS04 formation
were partially or even completely ignored. Therefore,
it seemed worthwhile to use our data to calculate what
the effect would have been to m, AHi, and Afi if these
additional complex species had not been taken into con-
sideration. For these calculations ACpi and ACpi°
were set equal to zero. Ignoring Eu(S042 but not
NaS04 would have increased Kby 2% at 25° and
14% at 65°, while increasing AHi and AiSi by 12 and
17%, respectively. Ignoring only NaS04~ formation
would have lowered Kby 13% at both 25 and 65°,
while essentially leaving AHi and ASi unaffected. If
both Eu(S042_and NaS04_formation had been ig-
nored, a decrease in ktof 11% at 25° and 1% at 65°
and an increase in AHi and AS$i of 12 and 6%, respec-
tively, would have resulted.

This investigation has shown that the spectrophoto-
metric method, when suitable absorption bands are
available, is capable of accurate studies on the forma-
tion of complex ions. This is particularly true if full
advantage of the technique is made, by carrying out
each investigation at more than a single wavelength.
Also, it has shown that many of the discrepancies re-
ported for the association constants of RES04+ at in-
finite dilution can be attributed to the use of Davies’
equation for extrapolation to infinite dilution and
failure to correct for the presence of undesirable sulfate
complexes.
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Thermodynamic properties Kf, AHt, and ASs were obtained spectrophotometrically for the complexes of

several aminopyridines with iodine in cyclohexane solution.
complexes one of the strongest of the pyridine-iodine complexes studied to date.

The large values of K{ and AHt make these
Arguments are presented

which indicate that the donors used in this study form 1:1 complexes with iodine which are of the n-acr type.
Visible and ultraviolet spectral properties of the charge-transfer (CT) complexes are also presented. Two
distinct CT bands were observed for the 4-aminopyridine and 4-V,V-dimethylaminopyridine complexes. In
general, the CT bands are found to be broader on the low-frequency side of the maximum, similar to the parent

pyridine complex with iodine.

Molecular complexes of the charge-transfer (CT)
type of N-heterocyclic compounds have been subject
to several studies. Reid and Mullikenl studied the
complex formed with pyridine as donor and iodine as
acceptor. A number of authors2 have studied methyl
and halogen substituted pyridines CT interactions
with 12in different solvents. However, aminopyridines
as donors have not been looked at to any great extent.
Bhaskar and Singh2 have reported results of the CT
interaction between 2- and 4-aminopvridines with 12
using chloroform as the solvent. It would be desirable
to obtain results for these systems in the more inert
hydrocarbon solvents. The low solubility of the do-
nors in these solvents requires the use of longer path
length cells in the spectrophotometric studies in the
visible region. However, there are a number of ad-
vantages to working at low concentration. Dimeriza-
tion of both donor3and acceptor4are minimized at low
concentrations. The greater transparency of the hy-
drocarbon solvent in the uv region makes possible an
examination of the charge-transfer band, which usually
occurs in this region. The equilibrium constants ob-
tained in dilute solutions are closer to the thermody-
namic constants, and also the minimal interaction be-
tween solvent and donor and acceptor molecules facil-
itates comparison of experimental results with theo-
retical predictions.

In general, the N-heterocyclics studied to date form
1:1 complexes with 12 which are of n-a<r type, with
relatively high equilibrium constants.6 Moreover, the
stronger complexes appear to follow many of the pre-
dictions derived from Mulliken’s theory of CT com-
plexes,6 apparently exhibiting few of the anomalies
found for the weaker complexes.7 The larger values of
the equilibrium constants would result in less uncer-
tainty in the measured values of these constants, as

well as the measured values of the extinction coeffi-
cients.

The aminopyridines are particularly interesting for a
study of their donor properties because of the presence
of two nitrogens each having a lone pair of electrons to
donate. Hence, it is of interest to determine whether
or not 2:1, as well as 1:1 complexes are formed, and if
only 1:1 complexes are formed, is complexation oc-
curing through the lone pair on the ring nitrogen or the
lone pair on the amino group. This paper will report
the results for the equilibrium constants Kt and the
thermodynamic functions AHf, ASi, and AGf obtained
from the visible spectra of these complexes. In addi-
tion, the spectral properties of the blue-shifted visible
iodine bands and the ultraviolet charge-transfer bands
for these complexes will be discussed. An attempt will
be made to correlate these properties with the theory
proposed by Mulliken.6

Experimental Section

Reagents. lodine from Allied Chemical Co. was
sublimed twice under vacuum and stored in a desiccator

(1) C. Reid and R. S. Mulliken, J. Amer. Chem. Soc., 76, 3869
(1954).

(2) (a) V. G. Krishna and B. B. Bhowmik, ibid., 90, 1700 (1968);
(b) W. J. McKinney, M. K. Wong, and A. I. Popov, Inorg. Chem,
7, 1001 (1968); (e) K. R. Bhaskar and S. Singh, Spectrochim. Acta,
23A, 1155 (1967); (d) G. Aliosi, G. Cauzzo, and U. Mazzucato,
Trans. Faraday Soc., 61, 1406 (1965); (e) G. Aliosi, G. Gauzzo, and
U. Mazzucato, ibid., 63, 1858 (1967); (f) R. D. Srivastava and G. P.
Prasad, Spectrochim. Acta, 22, 825 (1966).

(3) K. V. Ramiah and P. G. Puranik, J. Mol. Spectrosc., 7, 89
(1961).

(4) R. M. Keefer and T. L. Allen, J. Chem. Phys., 25, 1059 (1957).

(5) R. S. Mulliken and W. F. Person, Ann. Rev. Phys. Chem, 13,
107 (1962).

(6) R. S. Mulliken and W. F. Person, “Molecular Complexes, a
Lecture and Reprint Volume,” Wiley, New York, N. Y., 1969.

(7) G. Kortum and W. M. Vogel, Z. Elektrochem., 59, 16 (1955).
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over P 5 the desiccator was flushed with argon before
closing. All pyridine derivatives used in this study
were supplied by the Aldrich Chemical Co. and were
sublimed under vacuum at 50-60°. Infrared spectra
and melting points were obtained and these agreed with
published results. The following donors (with their
symbols) were studied: 2-, 3-, and 4-aminopyridines
(2AP, 3AP, and 4AP), 2-amino-4-methylpyridine
(2A4MP), 2-amino-6-methylpyridine (2A6MP), 2-N,N-
dimethylaminopyridine (2NN), and 4-2V,./V-dimethyl-
aminopyridine (4NN). Matheson Coleman and Bell
Spectroquality cyclohexane was used with no further
purification.

Stock solutions of iodine and the various aminopyr-
idines were prepared no more than 1 day before an ex-
periment and were stored under nitrogen if they were
not used within 2-3 hr after preparation. Stock solu-
tions were made up by weight. Aliquots of the donor
stock solutions were pipetted into preweighed 50.0-ml
volumetric flasks and then weighed to determine the
exact amount of stock solution. lodine concentration
in most cases was approximately 10-4 M. The exact
concentration was determined by averaging the ab-
sorbance measured at 522 nm of two or three samples
of iodine in cyclohexane and using the previously deter-
mined extinction coefficient of 960 M~I cm-1 at 25°.
Concentrations so obtained agreed to within 1%.

Spectral Measurements. Spectra were recorded on a
Cary Model 15 spectrophotometer using quartz cells of
5.0 and 10.0 cm path lengths in the visible region and
0.1-, 0.5-, and 1.0-cm cells in the ultraviolet region.
Both sample compartment and solutions were kept at
constant temperature, the temperature maintained
constant to £0.1°. The solutions used in the spectral
studies were made up immediately before each spectrum
was measured by adding a constant aliquot of iodine
stock solution to each of the donor solutions, each kept
at constant temperature. All spectra were recorded
within 5 min after the addition of iodine.

Equilibrium Constant Determination. For the deter-
mination of apparent equilibrium constants using the
visible absorption spectra, the concentration of iodine
was kept constant and the donor concentrations were
varied. In each case curves of the type shown in Fig-
ure 1resulted. All exhibited a clearly defined isosbestic
point indicating a single equilibrium. The absorption
in the visible region of all systems remained quite con-
stant over a 2-hr period at most donor concentrations,
except for 3-aminopyridine. In this case the spectrum
of the 3-aminopyridine-iodine system changed quite
rapidly when the donor-acceptor ratio reached about
18 to 1, due probably to a reaction occurring in the
system. Donor concentrations used in obtaining the
visible spectra ranged from 1 X 10“*to 2 X 10-3 M,
except in the case of 2-A,A-dimethylaminopyridine.
Due to the lowrequilibrium constant for the complex of
this donor, the concentrations used for this donor ranged
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from 1 X 10-2to 5 X 10~2M. The iodine concentra-
tion was about 1 X 10~4M for all donors.

Several methods are available for determining equi-
librium constants K{ for molecular complexes from
spectral data. A recent review is contained in the
book by Foster.8 For the complexes under considera-
tion here the equilibrium assumed is

D+ 12 D12 (1)

from which K{ is defined as

where (D-12, (D), and (12 are the equilibrium concen-
trations of the complex, aminopyridine donor, and
iodine, respectively. As is usually done, it is assumed
that the activity coefficients of all species are equal to
unity in the dilute solutions used. Rose and Drago9
have presented a graphical method which can be ap-
plied to the spectral data obtained from the blue-shifted
and unperturbed visible iodine bands, and the CT bands
of the complex. As has been pointed out by other
workers,2dd it is also possible to calculate Ki directly
from the change in absorbance of the visible iodine band
(see Figure 1). This method, used in this study, is
more rapid and convenient than the Rose-Drago
method and also readily lends itself to statistical anal-
ysis. The results obtained from the two methods were
in good agreement for the complexes in this study. In
this method the decrease in absorbance of the visible
iodine band, due to the addition of donor, is taken as a
measure of complex concentration. The final absor-
bance of this band is taken as a measure of uncomplexed
iodine. Measurements are made on the low-frequency
side of the band where interferences with overlapping
bands are minimal. As a check calculations were made
at three different wavelengths at intervals of 10 nm.
Knowing the initial concentration of donor and iodine,
tbe equilibrium concentrations in eq 2 can be calculated
and the value of Kf obtained. The values of Kf ob-
tained at the three wavelengths were averaged and the
statistical uncertainty at the 99% confidence level was
obtained. The uncertainties in the values of for the
complexes in this study are £5-10%.

A 1:1 stoichiometry is observed for all the amino-
pyridine-iodine complexes in cyclohexane. However,
tests were made for the possibility that some 2:1 or 1:2
donor-acceptor complexes may be forming. The wmrk
of Thompson,D in which computer simulated absor-
bance data were used to determine the effect of the
presence of a 1:2 complex, i.e., one donor to twb iodine

(8) R. Foster, “Organic Charge-Transfer Complexes,” Academic
Press, New York, N. Y., 1969.

(9) N. J. Rose and R. S. Drago, J. Amer. Chem. Soc., 81, 6138
(1959).

(10) C. C. Thompson, Jr., Can. J. Chem,, 47, 2605 (1969).
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molecules, on the equilibrium constants calculated on
the basis of an assumed 1:1 interaction, was used in
this study. Using eq 9 from Thompson’'s work,10 it
was estimated that the amount of 1:2 complex is 106
times smaller than the amount of 1:1 complex even if
there is a difference of only two orders of magnitude in
the equilibrium Thompson also
that the presence of 2:1 donor-iodine complex would
result in an increase in Kf with increasing donor con-
centration. This w'as not observed in the systems in
this study. It is quite certain that only 1:1 complexes
are present in the compounds studied, under the exper-
imental conditions described above.

Calculation of the Thermodynamic Quantities. En-
thalpies of complexation AH{ for the aminopyridine-
iodine complexes in cyclohexane in the temperature
range from 284.5 to 308.4°K were determined from the
slope of the plot of log Kfvs. 1/T. Linear regression
analysis was used to obtain the best straight line and
the value of AHf. The uncertainty for each AHf wras
calculated from the uncertainty in the slope of the line.
The Gibbs free energy and the entropy of complexation,
AGf and ASt, and their uncertainties were calculated at
25° from Kf in the usual way.

Measurement oj the Ultraviolet Charge-Transfer Band.
Accurate measurements of the positions and intensities
of the uv charge-transfer (CT) bands in these complexes
present a problem because of donor absorption in this
region. In order to obtain the CT bands the usual
difference technique was employed.
solution of donor plus iodine in cyclohexane solvent
contained in the sample cell w'as run VS. the same con-
centration of donor in solvent contained in the reference
cell. CT spectra were usually determined using the
same concentration ranges of donor and iodine as used
for the determination of the equilibrium
The absorbance values obtained in this way were cor-
rected for the known iodine absorption. For the do-
nors 2A4MP, 4NN, and 4AP, in which more than
3-4% of the donor is complexed, a correction for over-
compensation of donor in the reference cell was applied
to the iodine-corrected absorbances. Theomolar ab-

constants. reports

In this method a

constants.

sorptivities «tM were calculated at 25-A intervals
through the CT band using the relation
<ctw " W u) 3)

w'here A is the corrected absorbance at each wave-
length, | is the path length, and (D «I2) is the molar con-
centration of the complex. The latter was calculated
from the equilibrium constants. Plots of ecrM Vs. the
frequency V were made and the areas under the curves
were measured with a planimeter. Each curve was
traced twice in each direction, and the areas could be
reproduced to within 1-2%. Oscillator strengths /ct

were then calculated using

/ct = 4.319 X 10-' dy (4)

Values reported for ecT(max), the molar absorptivity at
maximum absorption, and /ct are the averages of mea-
surements of from 3 to 12 spectra.

reported at the 95% confidence level.
dipole moment, yCt was calculated from /ct using

Uncertainties are
The transition

r 3fee2cT’

mct — (5)
|_87ramcrcT(max)
2.125 X 10-3Fc

mct —

rcT(max)

w'here ><cT(max) is the frequency at the maximum of
the CT band and the symbols have their usual mean-
ing.

Results and Discussion

Thermodynamic Functions. The values of kf, aAH s
acf, and ast obtained for the 1:1 complexes of the
various aminopyridines with iodine are presented in
Table I. The values of Kf range from a low' value of
8.65 M~I for 2-iv,V-dimethylaminopyridine to a high
value of 5230 M ~1 for 4-A,A-dimethylaminopyridine.
The values of k¢, in general, are higher than those
found for most complexes in which bonding occurs
through the #-electron system of the ring;1 in fact,
they are much more in line with n-ao- complexation
found for other pyridine derivatives.2 In the previous
w'ork2 a linear correlation between pAaand log « f has
been used as evidence for n-a<r complexation. The
pAavalues for the aminopyridines have been shown to
correspond to the protonation of the ring nitrogen.12-14

WAVELENGTH, A

Figure 1. Visible spectra of solutions of iodine and
2-amino-4-methylpyridine in cyclohexane at 25°; [L] = 0.97 X
10“4wm ; [2A4MP], m X 10‘: (1) 0.0, (2) 4.47, (3) 6.96, (4)
9.94 (5) 11.93; cell length, 10.0 cm.

11) G. Briegleb,
Springer-Verlag, 1961.
(12) A. Albert in “Physical Methods in Heterocyclic Chemistry,”
Vol. 1, A. R. Katritzky, Ed., Academic Press, New York, N. Y.,
1963.

(13) D. D. Perrin, Ed., “Dissociation Constants of Organic Bases
in Aqueous Solution,” International Union of Pure and Applied
Chemistry, Butterworth, London, 1965.

“Elektronen-Donator-Acceptor-Komplexe,”
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Figure ». The relationship between log Kt and the pAaof
the donor: (1) 3AP, (2) 2AP, (3) 2A4MP, (4) 2A6MP, (5)
2NN, (s) 4AP, (7) 4NN; values of p7Cataken

from ref 13 and 14.

Figure 2 shows that, except for 2-amino-6-methylpyr-
idine and 2-A,A-dimethylaminopyridine, the correla-
tion is quite good. This is what would be expected if
complexation is occurring at the ring nitrogen. In the
cases of the 2-A,A-dimethyl and 6-methyl derivatives
with their bulkier methyl substituents, a deviation from
this correlation would be expected when comparing the
larger iodine acceptor with the smaller proton.

If complexation is occurring at the ring nitrogen, it
would be reasonable to expect the values of log Kt for
the 2-, 3-, and 4-aminopyridines (2AP, 3AP, and 4AP,
respectively) to follow the same relative order as the
pKavalues of the donor, i.e., 4AP > 2AP > 3AP, since
the basicity of the donor should be a key factor in deter-
mining the strength of the complex. The order which
is actually found is 4AP > 3AP > 2AP, which suggests
that, while complexation is occurring at the ring nitro-
gen, the amino group in the 2 position is hindering the
approach of the iodine atom. In order to further pur-
sue this idea, equilibrium constants for the 2-amino-6-
methylpyridine (2A6MP) and 2-amino-4-methylpyr-
idine (2A4MP) donors were determined. As can be
seen from Table I, increasing steric hindrance by the
addition of a methyl group in the 6 position in 2AP re-
duces the equilibrium constant by approximately one-
half. On the other hand, when the additional methyl
group is in the 4 position, the equilibrium constant is
doubled. Neither of these results would be expected
on the basis of complexation occurring at either the
amino nitrogen or through the ~-electron system of the
ring. In the latter case, electronic effects should be
dominant and the equilibrium constants for both
methyl-substituted compounds should be somewhat
larger than that observed for 2AP. If the amino group
were the site of complexation, substitution of a methyl
group meta to the amino group should produce only
small inductive effects resulting in very little difference
in the equilibrium constants for the 4- and 6-methyl
derivatives. The extremely large difference between
Kt values for the 2-N,N- and 4-A,A-dimethylamino-

The Journal of Physical Chemistry, Vol. 76, No. 13, 1972

Joan M. Daisey and Anthony J. Sonnessa

- ¢Sfe.u.

Figure 3. The relationship between —Aiif and —A for
some pyridine-iodine complexes; (1) 3-chloropyridine, (2) Py;
(3) 2-picoline, (4) 4NN, (5) 2A4MP, (s ) 4AP, (7) 3-picoline,
(s) 2AP, (9) 4-picoline, (10) 3AP, (11) 2A6MP, (12) 2NN.
Data for points 1, 2, 3, 7, and 9 from ref 2a.

pyridines, more than three orders of magnitude, further
substantiates complexation at the ring nitrogen with
large steric hindrance in the 2NN case. Similar steric
effects have been reported for lutidine-iodine com-
plexes.2'is it is interesting to note that an infrared
study of hydrogen bonding between methanol and
alkyl-substituted pyridines indicates that steric hin-
drance to hydrogen bonding also exists when bulky
substituents are present in the 2 or 2,6 positions.

There have been a number of reports of linear corre-
lations between the enthalpy and entropy of complex
formation.6811 A plot of —AH( vs. —ASt for the
aminopyridine-iodine complexes is shown in Figure 3.
The experimental uncertainties in these values are also
shown in the figure. Because of the small number of
complexes in this investigation and the relatively small
range in the enthalpies of these complexes, the thermo-
dynamic data obtained in heptane solution by Krishna
and Bhowmik2 for some other pyridine-iodine com-
plexes are included in Figure 3. Experimental un-
certainties wrere not reported but are probably of the
same order of magnitude as obtained in this work. It is
apparent that there is a fairly good overall correlation,
considering the experimental uncertainties, between
— AHtand — A<Sffor this class of donors. This is to be
expected, for the donors are all structurally similar and
interaction with the iodine in all cases undoubtedly is
occurring through the lone pair on the ring nitrogen.
The larger negative value for the 2NN case is in line
with the conclusion that there is a large steric effect in
this complex.

Visible Spectra. As shown in Figure 1, the addition
of donor causes the 12 band at 523 nm to decrease in
intensity and at the same time a new band appears at a

(14) A. Weisstuch and A. C. Testa, J. Phys. Chem., 74, 2299 (1970).

(15) A. I. Popov and R. H. Rygg, J. Amer. Chem. Soc., 79, 4622
(1957).

(16) T. Kitao and C. H. Jarboe, J. Org. Chem., 32, 407 (1967).
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Table l: Thermodynamic Data for the Aminopyridine-lodine Complexes in Cyclohexane, 25.0°

K{,

Dono/' 1./mol Log Ki pia“
2NN 8.7+ 1.0 0.94 7.50
2A6MP 130 + 10 2.10 7.41
2AP 280 + 30 2.45 6.71
3AP 380 + 10 2.58 6.03
2A4AMP 580 + 40 2.76 7.48
4AP 1580 + 80 3.20 9.11
4NN 5230 + 250 3.72 9.71

“ From ref 13 and 14.

- AGf, - Afff, -ASf,
kcal/mol kcal/mol eu
1.30 £+ 0.20 8.2+ 0.9 23.0+ 4.0
2.90 + 0.10 8.4+ 0.1 185+ 0.5
3.40 + 0.20 8.5+ 0.1 17.0+ 1.0
3.50 + 0.05 9.0 £+ 0.2 18.0+ 1.0
3.80% 0.10 8.6 + 0.3 16.0+ 1.5
4.40 £+ 0.10 9.2 0.5 16.0 £+ 2.0
5.08 + 0.10 9.7 £+ 0.2 155+ 0.5

s 2AP, 2-aminopyridine; 3AP, 3-aminopyridine; 4AP, 4-aminopyridine; 2A6MP, 2-amino-6-methylpyridine;

2A4MP, 2-amino-4-methylpyridine; 4NN, 4-2V,iV-dimethylammopyridme; 2NN, 2-A,.V-dimethylaminopyridme.

Table I1:
m|ss X 10" Ajbs. 6 (€=
Donor* cm- 1 M-z m-1Cm-1
2A6MP 2.381 4690 1630 + 60
2AP 2.404 4920 1770 + 20
3AP 2.410 4980 1810 + 30
2A4MP 2.425 5150 1900 £ 60
4AP 2.440 5270 1950 £+ 90
4NN 2.47 5570 2280 + 40
MCT
ICT D
(2A6MP) 1.2 % 0.2 8.0 1.0
(2AP) 0.9+ 0.1 7.0+ 1.0
(3AP) 1.6 £ 0.2 9.0+ 1.0
(3A4MP) 1.4+ 0.1 8.5% 0.5
(4AP) 0.2 * 0.1 3.0+ 15
1.4+ 0.3 9.0+ 2.0
(4NN) 0.43 £ 0.03 46+ 0.3
1.08 £ 0.03 7.8+ 0.2

See Table | for abbreviations.

lower wavelength. The intensity and position of this
blue-shifted iodine band depend on the particular donor
used, as can be seen from the values presented in Table
Il. The blue-shifted iodine band has been observed
for many donors possessing nonbonded electrons, such
as amines and sulfides.6'11

A comparison of the position and intensity of the
blue-shifted iodine bands in Table Il with these prop-
erties for the unperturbed iodine band is of interest.
One can see that the extent of shift, Apes, the difference
in the wave number of the blue-shifted iodine band and
the wave number of the unperturbed band, varies sig-
nificantly from donor to donor. If one accepts the
interpretation of Mulliken and others2- 6that the extent
of blue-shift is a measure of the extent of interaction

b Relative to the visible iodine band at 19,120 cm t

Visible and Ultraviolet Spectral Data for the Aminopyridine-lodine Complexes in Cyclohexane, 25°

YCT(me) eCTme0
XOoror, X 104, X io-/
/bs nm CMm-1 M~1CM-1
0.030 £ 0.002 233.0 4.170 3.9+ 0.8
290.5
0.035 £ 0.002 231.0 4.210 36+ 0.4
290.0
0.036 + 0.001 232.0 4.125 6.0+ 0.5
292.0
0.036 + 0.001 233.0 4.210 52+ 04
287.0
0.036 £+ 0.001 232.5 4.445 1.6+ 05
262.5 (sh) 3.945 6.9+ 0.8
0.045 + 0.002 252.5 4.370 2.3+ 0.1
285.0 (sh) 3.740 49 + 0.1
Ach, Acl, Acil2, Id,”
cm-1 cm-1 cm-1 eV
2600 4400 7000 9.1
2600 3300 5900 9.3
2600 2400 5000 9.0
2800 3000 5800 9.3
2000 1500 3500 10.2
2000 2500 4500 8.4
2300 2100 4400 9.8
1900 3100 5000 7.7

¢ See text for calculation of 74d-

between donor and 12 and therefore, of the extent and
strength of complexation, one would expect a correla-
tion between Aras and some thermodynamic property
of the complex. Thus, the plot in Figure 4 of log Ki
VS. Avbs indicates an excellent correlation between these
guantities for the complexes in this study.

The intensification of the blue-shifted iodine bands
relative to the unperturbed 12 band, seen in Table 11,
has been generally observed for these bands in com-
plexes. Mullikené explains this effect as due to in-
creased mixing of the excited state of iodine with either
the charge-transfer state of the complex or with the
ground state of 12, which results from the shift in posi-
tion of the iodine excited state to higher energy on com-
plexation. It would follow from this explanation that
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Figure 4. The relationship between log kt and Apes for the
aminopyridine-iodine complexes in cyclohexane at 25.0°:

(1) 2A6MP, (2) 2AP, (3) 3AP, (4)

2A4MP, (5) 4AP, (s) 4NN.

the extinction coefficient of the blue-shifted band, ess,
for the different donors should correlate with — AGt,
used as a measure of the extent or strength of complexa-
tion. Figure 5 shows a plot of eBs V. AGt and the ex-
cellent correlation is apparent.

Charge Transfer Spectra. Table Il presents the
spectral properties of the ultraviolet CT bands for the
12 complexes studied. As can be seen from Table 11
the iodine complexes of 4AP and 4NN show two dis-
tinct bands in the ultraviolet. The existence of more
than one CT band has been reported previously for the
aromatic hydrocarbon donors and for the n-type donors
anisole and the styrylpyridines. be said
about this later.

A number of general trends can be seen from the data
in Table Il. First, it is apparent that the wave number
of the CT band decreases as the strength of the com-
plex, as measured by —AH), increases. Secondly, the
intensity of the CT band as measured by ecHmax),
/ct or /ict, increases as the strength of interaction, mea-
sured by —AG) or —AHTt, increases. As pointed out
by Mulliken and Person,6 n-donors show fairly good
correlation between /ct and the strength of interaction.
To test this hypothesis further, —AH fis plotted vs. /ct
in Figure 6 for the aminopyridine-iodine complexes
from this study, along with other substituted pyridine-
iodine complexes reported by Krishna and Bhowmik.2a
This plot shows at least a general trend toward in-
creasing /ict with increasing —AHT, as predicted by the
theory. In both of the above correlations the low-
frequency bands for 4-A,A-dimethylaminopyridine and
4-aminopyridine are used, since they give the best cor-
relation with the thermodynamic functions (see below).
It is found experimentally that there is a good linear
correlation between the ionization potential of the do-
nor and the position of the CT band for a series of re-
lated donors with the same acceptor.6'11 Except for
4AP,17ionization potentials for the aminopyridines are
not yet available. However, Mulliken and Personé
have given an empirical relation for the energy of the

More will
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Figure 5. The relationships between eBs and —AG) for the
aminopyridine-iodine complexes in cyclohexane at 25°: (1)
2A6MP, (2) 2AP, (3) 3AP, (4) 2A4MP, (5) 4AP, (s ) 4NN.

-aH( kcal/mole

Figure 6. The relationships betweeen /.ce and —AIG for
some pyridine-iodine complexes at 25°: (1) 2-chloropyridine,
(2) 3-chloropyridine, (3) pyridine, (4) 2-picoline, (5) 3-picoline,
(s) 2AP, (7) 4-pieoline, (s ) 2A6MP, (9) 2A4MP, (10) 3AP,
(11) 4AP, (12) ANN; data for points 1, 2, 3, 4,

5, and 7 from ref 2a.

CT band in terms of the ionization potentials In of
aliphatic amine donors in iodine complexes

/ircT(max) = 0.38/d + 1.70 (6)

where 1d is expressed in electron volts. It is found
that the pyridine-iodine complex also fits this relation
quite well. Since the aliphatic amine and pyridine
complexes with iodine are apparently n-ao- type com-
plexes, as we believe the aminopyridine-iodine com-
plexes are also, we have used the above relation to esti-
mate the ionization potentials for the donors used in
this study. The results of these calculations are given
in Table Il. For the case of 4AP and 4NN, in which
two bands are observed upon complexation, two ioniza-
tion potentials are calculated. Basila and Clancyw
report a value of 8.97 eV for 4AP which they believe to
be a x-ionization potential. The low-frequency band
for 4AP has a value of 8.4 eV from our calculations,
which is in quite good agreement with the above.
However, it is this low-frequency band which correlates

(17) M. R. Basilaand b. J. Clancy, J. Phys. Chem., 67, 1551 (1963).
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best with the theoretical expectations, as discussed
above. Since the complexation most likely involves
the n-electrons of the ring nitrogen, it would seem that
the ionization potential reported by Basila and Clancy
may be the n-ionization potential rather than the x-
ionization potential, assuming that eq 6 adequately
expresses the ionization potentials for the donors in this
study.

Band Shapes. Another important spectral property
of CT bands is the band shapes. Table Il summarizes
the band shape parameters given in terms of Aim, Aim,
and Am/j. The quantities Am and Am are the differ-
ences between i/CT(max) and the high and low frequen-
cies, respectively, at which the extinction coefficient is
half the maximum value, and Aio/2is the width of the
CT band at half maximum intensity.
bands Am = Am = 0.5 Am/.,. Charge-transfer bands,
in general, are unsymmetrical, usually being broader on
the high-frequency side of the maximum. Brieglebu
has shown that the relation Am/, = 2.4Am
guently followed by many complexes. However, the
pyridine-iodine complex CT band has been found to be
broader on the low-frequency side of the maximum,18
and the aminopyridine-iodine complexes resemble the
parent pyridine complex in this respect, as can be seen
from Table Il. The aminopyridine complexes with
iodine appear to follow the relation Ain/,, ~ 1.8Am.

As can be seen from Table Il, the half band widths
for the aminopyridine-iodine complexes decrease with
increasing complex strength. This is the reverse of the
case found for the aliphatic amine-iodine complexes.6
The direct relationship between Am/, and the strength
of complexation is attributed to large resonance inter-
action in these stronger amine complexes which results
in anincrease in the equilibrium N -1 distance in the CT
state as compared to the ground state N -l distance.
On the basis of this interpretation, it would seem that
the decrease in Am/, with increasing complex strength
observed for the complexes in this study might be due
to a relatively larger N -1 distance in the ground state
as compared to the CT state. This could be caused by
a repulsion term in the ground state arising when donor
and acceptor are brought together in the complex.
The repulsion would cause the minimum in the poten-
tial energy curve for the ground state to be moved to
the right relative to the CT state. The CT transition
would then intersect the upper CT curve on the less
steep side of the curve, i.e., to the right of the minimum,
resulting in a smaller spread in the allowed transitions
and a smaller value of Am/,.

One of the more interesting results of this study in
the ultraviolet region is the discovery of two distinct
bands in the CT spectra of the 4AP and 4NN com-

For symmetrical
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plexes with iodine (see Table Il). The bands in both
cases are of the order of 100 A removed from the donor
bands. Spectra of several of the other complexes,
particularly the 2A6MP complex, appear to be com-
posed of two unresolved overlapping bands. Many
reports of multiple charge transfer bands occur in the
literature.2d,11'19 22 The large majority of these com-
plexes have been of the bx-ax type, with donors such
as substituted benzenes and acceptors such as TCNE
and chloranil. Only two cases of double CT bands
with 12 as an acceptor have been reported. In one
case,dstyrylpyridine was the donor and in the second, 23
anisole was the donor. Let us consider the possibility
that the two bands are associated with transitions from
two different donor orbitals, the n orbital of the ring
nitrogen and the x orbitals of the ring. The pyridine
molecule belongs to CA7and the highest filled x orbitals
of the pyridine ring possess b2and a2symmetry. How-
ever, only the b2orbital has proper symmetry to overlap
with the <u orbitals of the iodine, assuming the same
C symmetry for the complex, so that a transition
would be allowed from the b2 orbital only. Thus, the
two CT bands could arise, one from a transition from
the n orbital, the other from a transition from the b2
x orbital. If, asis true in many cases, the n and x or-
bitals are close in energy, then the two CT bands will
overlap, resulting in a single asymmetric band.u
However, substitution in the 4 position by a strongly
electron donating amino or A~N-dimethylamino group
should cause a wider separation in the energies of the n
and x orbitals resulting in two distinct bands, as is in-
deed observed. In the case of the two complexes with
4AP and 4NN which exhibit two distinct CT bands, it
was shown above that the spectral properties of the
low-frequency bands correlate with the thermodynamic
functions and that these correlations indicated a com-
plexation at the n-electrons of the ring nitrogen.
Hence, it would appear that the low-frequency bands
are to be correlated with the transitions from the n
orbital, while the high-frequency bands in these com-
plexes are due to transitions from the x system of the
donor.
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Viscosity and density data are presented on solutions of (CHshNBr, (CiHshNBr, (CyT/qNBr, and (C,iH94NBr
in the concentration range 0-4 m and over the temperature range 15-35°. Use is made of the Vand equation,
In 1770 = 2.50/(1 — kef), developed for concentrated suspensions, by substitution of the transformation 0 =
cV°, where 777@is the relative viscosity, 0 is the volume fraction of the dispersion, Cis the molal salt concen-
tration, and V€° is the “effective flowing volume” of the electrolyte at infinite dilution. The values of Ve°®
obtained for the four salts are shown to correlate with the B coefficient of the Jones-Dole equation for dilute
solutions of the salts by the substitution in the Einstein equation for viscosity of B = 2.5Ve°. Values of Ve,
the “effective flowing volume,” as a function of concentration and temperature are also obtained from the re-
cent equation of Breslau and Miller, Ve= [—2.5¢c + {2.5c2 — 4(10.05¢2 (I — @ 10} 1/1]/2(10.05)c2 and shown to
correlate well with the limiting value of Ve°® obtained from the Mooney equation. The behavior pattern ob-
tained of Veas a function of temperature gives indications of the hydration behavior of concentrated solutions

of the four salts.

Introduction

Recent viscosity measurements by Kay and co-
workersl on a series of tetraalkylammonium halides
in aqueous solution at concentrations up to 0.2 M uti-
lized the Jones-Dole treatment of flow of dilute elec-
trolyte solutions2 to determine the constant B of the
equation

wro = 1+ Ayic + BC (1)

The square root term of eq 1 has been shown to be
dependent on long-range interionic forces by Falken-
hagen and coworkers3-6 and hence the coefficient A
may be calculated from the Debye-Hickel theory.
The coefficient B has not, to date, yielded to a funda-
mental theoretical treatment, but many workers have
related it in a qualitative manner to ion-solvent inter-
actions. Kay, et al., interpreted the values of B ob-
tained from their data in terms of the structuring
properties of the tetraalkylammonium salts with regard
to water. The Jones-Dole equation is limited in its
applicability to concentrations up to 0.1-0.2 M, and
no comparable treatment has been attempted for con-
centrated solutions of electrolytes. However, Night-
ingale6 and Miller and Doran7 have utilized the Eyring
treatment of viscosity,8based on the theory of rate pro-
cesses, to investigate the viscosities of electrolyte solu-
tions up to concentrations of the order of 10 M. Re-
cently Breslau and Millergnoted the similarity in con-
centration between concentrated electrolyte solutions
and high volume fraction dispersions and utilized the

equation obtained by Thomas1 for volume fractions
<0.25

wam = 1+ 2.50 + 10.0502 )
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where 7 and 90 are the viscosities of the dispersion and
dispersion medium, respectively, and 0 is the measured
volume fraction. Using the substitution o = cVe
where ¢ is the molar concentration of electrolyte and
Veis the “effective volume of the flowing unit,” an
expression for VC was obtained.

-2.5¢ + [(2.5c)2- 4(10.05¢2(l - @) TA
Ue 3)

2(10.05)c2
An alternative treatment to the power series in 0 due
to Thomas, which successfully correlates viscosity data
in the field of concentrated dispersions, is that due to
Vand1 of the form

2.50
In 77170 = (4)

1 — K}
where K is termed a particle interaction constant. Sub-

stitution as in the Breslau and Miller model of 0 =
cVeyields the equation
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2.5 cVe

In = 5
771770 1 — keVe ( )

Rearranging and taking logs to base 10 gives

c _ 2.303 2.303/cc

6
2.57e 2.5 ©)

log 77rr0

Thus a plot of c/log 777770 against ¢ should be linear with
a slope of 2.303fc/2.5 and an intercept of 2.303/2.5Fe
when ¢ —=m0. This effective flow volume as ¢ — 0 can
be termed “the limiting value F & of the effective flow
volume,” as distinct from the values of Ve obtained
from the Breslau and Miller treatment which may be
utilized to obtain Veas a function of the molal concen-
tration.

We report here upon viscosity and density data ob-
tained for (CH3MNBr, (CHOGOMNBr, (CHI)MNBr,
and (CH 9ANBr in the concentration range 0-4 m
over a temperature range of 15-40°, the effective flow
volumes of the salts, and the B coefficients of the par-
ticular salts.

Experimental Section

Purification of Material. B. D. H. laboratory grade
(CH3ANBr was reprecipitated twice from hot aqueous
methanol (15 vol. % of water) by the addition of diethyl
ether. The solution was filtered prior to the addition
of ether. The white crystalline product was dried at
110° for 12 hr.

(CHYHMNBr (B. D. H. laboratory grade), (CH7)MNBr
(Eastman Kodak White Label), and (CH 9ANBr
(Eastman Kodak White Label) were reprecipitated
twice from chloroform after filtration by the addition
of diethyl ether. (CHYHMNBr and (CHHNBr were
dried at 110° for 12 hr before use, but such treatment
produced decomposition of (CH 9YNBr. This also
proved difficult to store due to its hygroscopic nature;
final preparation of (CH 9N Br therefore consisted of
a short drying period of 6 hr at 80° prior to dissolution
in chloroform and a further short drying period of the
precipitate at 80° followed by immediate preparation
of the solution.

The purity of the salts was determined by potentio-
metric titration with AgNO03 which had itself been
standardized with P.V.S. reagent grade NaCl of
99.99% purity. All salts had a purity greater than
99.8%.

Preparation of Solutions. A1l solutions were prepared
on a molal basis using redistilled conductivity water
of < 10-6 ohm-1 conductivity prepared by the method
of Franks.12

Measurement of Density and Viscosity. The densities
of the solutions were measured at 15, 20, 25, 30, and
35° using a capped 10-ml pycnometer and were vacuum
and buoyancy corrected. They are precise to +0.0001
gem-3.

Viscosity measurements at the specified temperatures
were obtained using a series of British Standard sus-
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pended level viscometers with flow times for water
ranging from approximately 100 sec to in excess of 1200
sec.

The viscometers were calibrated with high-purity
conductivity water using eq 7

7/p = Gt — B/t @

where 7 is the absolute viscosity, pis the density, and t
the flow time in seconds. The values of viscosity and
density of water at the specified temperatures were
taken from Hardy, etal.,u and Swindells, etal.u

For flow times less than 1000 sec the reproducibility
is £0.25 sec, and for flow' times in excess of 100 sec the
reproducibility is better than =+ 1sec, the time measure-
ments being carried out using stopwatches which had
negligible errors in absolute time measurement over
the times involved and which were of +0.01 sec ac-
curacy. All the viscosity and density measurements
were carried out in a constant temperature bath con-
trolled to within £0.02° of the specified temperature.

Results and Discussion

The absolute viscosities of the tetraalkylammonium
bromide solutions w'ere computed by means of eq 7.
The data are presented in ref 15 together with the solu-
tion densities, which were obtained by direct measure-
ment in all cases, and the visometer constants associated
with eq 7.

The data utilized in the paper have been obtained
on a molal concentration basis because of the problems
which arise from the bulky nature of the RN+ ion. As
pointed out by Nightingale6the molar scale of concen-
tration is satisfactory for most common inorganic salts
because the density of a 1 M solution is such that 1 1
contains very close to 54 mol of water. For (CH34
NBr, (CHHNBr, (CHNONMNBr, and (CH 9ANBr, how-
ever, 1 1L of a M solution contains 49, 46, 43, and 39
mol of wrater, respectively. Thus data expressed on
a molar concentration scale are subject to exaggera-
tion at concentrations in excess of 1 M.

The viscosity and density data listed in ref 15 were
utilized to calculate Ve of the Breslau-Miller model
according to eq 3 for (CH3MNBr, (CHEMNBr, (CHN4
NBr, and (CH 9N Br as a function of concentration
and temperature, the values obtained being illustrated
in Figures 1-4. Several points of interest arise from
the data on the basis of the Breslau-Miller model;

(12) F. Franks, Chem. Ind. {London), 204 (1961).

(13) R. C. Hardy and R. L. Cottingham, J. Res. Nat. Bur. Stand.,
42,573 (1949).

(14) J. F. Swindells, J. R. Cow, and T. B. Godfrey, ibid., 48, 1
(1952).

(15) Listings of absolute viscosities and solution densities will
appear immediately following this article in the microfilm edition of
this volume of the journal. Single copies may be obtained from the
Business Operations Office, Books and Journals Division, American
Chemical Society, 1155 Sixteenth Street, N.W., Washington, D. C.
20036, by referring to code number JPC-72-1902. Remit check or
money order for $3.00 for photocopy or $2.00 for microfiche.
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Figure 1. The “effective flowing volume” ve of (CH3ANBr as
a function of concentration and temperature: O, 15°; X, 20°;
9, 25°; V, 30°; e, 35°

Figure 2. The “effective flowing volume” ve of (C:H5ANBr as
a function of concentration and temperature: O, 15°; X, 20°;
9, 25°; V, 30°; e, 35°

Concn.  nolai

Figure 3. The “effective flowing volume” ve of (CsH7)ANBr as
a function of concentration and temperature: O, 15°; X, 20°;
9, 25° V, 30°; e, 35°

all the salts show a systematic dependence on concen-
tration which Breslau and Miller were not able to ob-
serve with normal electrolytes; (C2H54NBr, (CH D4
NBr, and (CH 9NBr show a consistent pattern of
Ve decreasing with increasing concentration to a min-
inum, which appears at a similar concentration for all
three salts, followed by an increase in Vewith a further
increase in concentration. (CH34Br, however, shows
completely different behavior, Veas a function of con-
centration reveals no indication of a minimum, and the
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Figure 4. The “effective flowing volume” ve of (CsH9ANBr as
a function of concentration and temperature; O, 15°; X, 20°;
9, 25° V, 30°; -, 35°

magnitude obtained (0.04-~0.05 1 mol-1) is of the
same order as the values of Ve obtained by Breslau
and Miller for normal electrolytes. In addition, it is
interesting to note the temperature dependence of
Vefor (CH3MNBr is the reverse of that of (C2H 6)AN BT,
(CH?DANBr, and (CH 94NBr, the magnitude of Ve
increasing with increasing temperature. [A similar
inversion of temperature dependence between (CH34
NBr and the other salts was noticed by Bunzl® in a
study of the 0.97-jj. near-infrared band of the salts in
water but was not commented upon. ]

Figures 5-7 illustrate the plot of ¢/log V/VO against
cfor (CH34aNBr, (CH54NBr, (C3H?4NBr, and (CH 94
NBr, respectively, derived from the Vand model of
dispersion viscosity according to eq 6. Table 1 lists
the limiting values of the effective flowing unit
Ve°, obtained from the appropriate intercept, for the
four salts. V€ shows a similar temperature depen-
dence to Ve for the Breslau-Miller model, decreasing
with decreasing temperature for (CH3ANBr and in-
creasing with decreasing temperature for the other three
salts. The Vand model therefore suggests that large
roughly spherical ions such as (C2H 54N +, (C3H )N+,
and (C4H 9N + give rise to a meaningful unique lim -
iting value of effective flowing volume for the cor-

Table I: The “Limiting Value of the Effective Flowing
Unit,” ve®, of the Vand Model (L mol"l)

Salt 15° 20° 25° 30° 35°
(CH34\Br 0.034 0.037 0.039 0.042 0.043
(C2HHYNBr 0.159 0.154 0.152 0.147 0.142
(CsH,)ANBr 0.366 0.348 0.328 0.309 0.293
(CsH9ANBr 0.565 0.543 0.505 0.480 0.457

(16) K. W. Bunzl, J. Phys. Chem., 71, 1398 (1967).
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Figure 5. cf.log 171770 vs. ¢ for (CH34ANBr at 15°, O; 20°, X;
25°,9; 30° V; 35° e.

Figure 6. c/log 11170 vs. ¢ for (C2H&)ANBr (Et) and (CsH7)ANBr
(Pr) at 15°, O; 20°, X; 25° 30° V; 35° e.

Figure 7. c/log im0 vs. ¢ for (C4aHg)ANBr at 15°, O; 20°, X ;
25°,9; 30° V; 35° e.

responding salt; a more doubtful value is obtained in
the case of (CIB~ANBr.

Several workers have attempted to relate the Ein-
stein equation for viscosity of a'dispersionr

v/ivo = 1 + 25<)

with the Jones-Dole equation by performing the trans-
formation
= cV

where V is an estimate of the molar volume of the solute
molecules in solution. The B coefficient can then be
related to V by the relationship

1905

B = 2.5v

Having now obtained unique values for the “limit-
ing effective volume flow unit,” Fe°, for the series of
tetraalkylammonium salts at relatively high concen-
trations, it is important to seek a correlation with the
Jones-Dole B coefficient obtained from low concentra-

tion viscosity data. Thus utilizing the relationship
B = 2.5Fe°

values of the B coefficient have been obtained as a
function of temperature for the four salts and are sum-
marized in Table Il together with the corresponding
values of the B coefficient obtained by Kay and co-
workers on dilute (<0.2 M) solutions of the tetraalkyl-
ammonium bromides. The good agreement between
the values obtained in this work and those of Kay,
et al, points to the validity of treating concentrated
solutions of the tretraalkylammonium salts on the
basis of the Vand model, assuming that complete
dissociation of the salt takes place in solution, giving
rise to the large spherical entity of the tetraalkyl-
ammonium ion.

Table 1l: The Jones-Dole B Coefficient as
a Function of Temperature

Salt 15° 20° 25° 30° 35"
(CH3ANBr 0.085 0.093 0.098 0.105 0.108
a (0.075) (0.090) 0.083 (0.095) (o .100)
(C2HHANBr 0.398 0.386 0.381 0.368 0.355
a (0.39) (0.36) 0.34 0.33 (0.32)
(CsH,)ANBr 0915 0.870 0.820 0.773 0.733
a (0.93) (0.87) 0.82 (0.77) (0.73)
(CaH9ANBr 1.41 1.36 1.26 1.20 1.14
a (1.41) (1.32) 1.24 (1.18) (1.12)

“ Data of Kay and coworkers; the data at 25° are experi-
mental points, the data in parentheses are obtained from the
temperature dependencies published by Kay.

Interpretation of the B coefficients for the tetra-
alkylammonium bromides in terms of the structuring
effects of the electrolyte upon water has been fully
reported by Kay and does not require detailed repeti-
tion. It is sufficient to say that the conclusions de-
duced point to (CH3MNBr being a slight structure
breaker with respect to water and the other salts being
increasingly stronger promotors of water structure as
the size of the R AN +ion increases.

The behavior of the effective flowing volume Vcas a
function of concentration and temperature obtained
from the model of Breslau and Miller is consistent with
the limiting value at zero concentration Ke0 obtained
for the Vand model, as the extrapolations in Figures
2-5 show. The behavior pattern of Femust therefore

(17) A. Einstein, Ann. Phys., 19, 289 (1906).
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be examined for a possible model of hydration struc-
ture interaction at the higher salt concentrations. The
slight increase of Ve of (CH3ANBr with increasing
concentration from 0.04 to 0.05 1 mol-1 suggests
ion-dipole interactions the (CH3MN + ion
and water molecules and gives rise to electrostrictive
hydration of the (CH3AN +; increasing the salt con-
centration causes further disruption of the water equi-
librium, releasing more “free” water, which results in
the continuous increase in Vel The temperature de-
pendence of Veis consistent with this interpretation;
Veincreases with increasing temperature, as expected
when disruption of the normal water structure equi-
librium by increased temperature provides more “free”
water molecules for subsequent interaction.

(CH5ANBr, (C3H7?ANBr, and (C4H 9ANBr have a
completely different dependence of Ve on both con-
centration and temperature. The behavior pattern
is similar for all three salts, in that all show a minimum
in Ve with respect to concentration at the same con-
centration but the magnitude of Veincreases rapidly
with increasing size of the R4N+ ion. The calculated
B coefficients indicate that the increasing magnitude
of Ve may be associated with an enhancement effect
upon the structure of water. Evidence to support this
view is suggested by a comparison of Ve, the limiting
value of Ee, with Stokes law volumes of the salts, cal-
culated from the molecular model and mobility mea-
surements at infinite dilution;18 the data are listed
in Table 111. V€ at 25° of (CH34N Br is in good agree-

between

Table 111: “Stokes Law” Volumes of the
Tetraalkylammonium Bromides at 25°

“Stokes law” volumes,

[rmmmmmmneeae 1 mol-1---mmmmemmn

Salt a b
(CH3MNBr 0.124 0.040
(C:H5ANBr 0.180 0.065
(CsH,)ANBr 0.252 0.171
(CsH9ANBr 0.323 0.282

° Calculated on the basis of molecular model dimensions.
b Calculated from mobility measurements at infinite dilution.

ment with the Stokes law volume calculated from mobil-
ity measurements but very much less than the molec-
ular model volume; increasing size of the R4 + ion
results in Fe® becoming progressively greater than the
“mobility” and the “molecular model” Stoke law vol-
umes. Such behavior might be expected from the in-
creasing sensitivity of Fe° to hydration interactions
with increasing size of the R N +ion.
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In a discussion of partial molar volume data of tetra-
alkylammonium bromides Wen and Saito19 and
Frank® suggest that increasing salt concentrations
give rise to interactions between water clusters sur-
rounding neighboring cations, resulting in negative
deviations from the expected partial molar volumes of
the salts. The deviation becomes more marked the
longer the alkyl group; Vemight therefore be expected
to show asimilar behavior pattern as a function of salt
concentration. The cosphere concept of Gurney2
supports this view, the effect of overlap of hydration
spheres being shown to lead to greater stability of the
hydration structure but with less structure formation
in total. Evidence for the concentration dependence
of Ve may be inferred from the partial molar volume
data of Wen and Saito. The plotof partial molarvolume
against y/c in the case of (CH5NBr and (C3H DNBr
does not show a linear dependence; both salts show a
further downward bend at a concentration of approx-
imately 0.7 M. This kink is not evident in the case of
(CH 94NBr, probably because the minimum value of
the partial molar volume occurs close to this concentra-
tion, effectively masking any kink. Such behavior
implies a constant factor in the series of salts which,
since all are bomides, provides a possibility of a hydra-
tion interaction involving the bromide ion. The co-
sphere concept of Gurney indicates that hydration in-
teraction between cation and anion results in a negative
contribution to the partial molar volume; hence the
kink in the data of Wen and Saito could be produced by
interaction between the hydration sphere of the bro-
mide ion and the combined cation-cation hydration
sphere. The minimum value observed of Veappears to
coincide in concentration with the downward kink in
partial molar volume, suggesting that this value may
be associated with interaction of the cation-cation and
anion hydration spheres. The continuous and steady
increase of Ve observed for (C2H6)4NBr, (C3H 7)4NBr,
and (C4H 94N Br at higher concentrations still exhibits
the same temperature and alkyl group size dependence
as Veat low salt concentrations, suggesting the con-
tinuing predominance of hydration interactions which
may as proposed by Frank2produce incipient clathrate
formation in solution, of the form suspected to remain
from the melting and dilution of the clathrates known
to be formed by the larger tetraalkylammonium salts.2

(18) R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,”
Butterworths, London, 1965.

(19) W. Y. Wen and S. Saito, J. Phys. Chem., 68, 2639 (1964).
(20) H. S. Frank, Z. Phys. Chem. (Leipzig), B228, 364 (1964).

(21) R. W. Gurney, “lonic Processes in Solution,” McGraw-Hill,
New York, N. Y., 1954,

(22) G. A. Jeffrey and R. K. McMullen, Progr. Inorg. Chem., 8, 43
(1967).
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Changes in hardness and thermoelectric force were observed for cold-worked gold in the range of annealing

temperature 100-200° (Td), where dislocations disappear.
decomposition of hydrogen peroxide was found to take place in the same range (Td).

A sudden decrease in the catalytic activity for the
Consequently, it is con-

cluded that the surface terminations of dislocations of cold-worked gold play the part of active sites for the
reaction. An increase in the vacancy concentration was observed after quenching from 800-1000° to 0°. On

the other hand, the quenched catalysts were inactive for the reaction.

It is suggested that the presence

of surface emergent point defects of gold has no effect on the catalytic activity.

Much effort has been paid to study the relationship
between surface emergent defects in solids and their
catalytic Uhara and coworkers1-3 have
shown that lattice defects (point defects and disloca-
tions) play an important role for various catalytic re-
actions in the case of cold-worked metals, in view of the
fact that- the thermal deactivation temperature was ap-
proximately the same as the disappearance temperature
of defects during annealing. Eley and MacMahon, 4
studying the effect of annealing on the catalytic activity
of copper for the decomposition of hydrogen peroxide,
showed that the dependence of activity on annealing
temperature is similar to the result obtained by Uhara
and coworkers.1 However, they pointed out that the
concentration of surface emergent defects has no effect
on their activity and that each crystallographic plane
has its own activity. Keating, Rozner, and Young-
blood5 showed that the increase in the activity of plat-
inum plate for the decomposition of hydrogen peroxide
is apparently due to deformation by the detailed met-
allurgical characterization since the possible effects of
preferred orientation and increased surface area of cold-
worked metals proved to be negligible. On the other
hand, little has been known about the catalytic behav-
ior of quenched metals. It is well known that vacan-
cies are generated during quenching. In the study of
the catalytic decomposition of formic acid on gold
powder, Bhakta and Taylore found the generation of
high activity after quenching and attributed it to sur-
face defects. Duell and Robertson7 showed a similar
effect on flashing metals at temperature near the melt-
ing point. The purpose of this study was to establish
the role of defect structure of cold-worked and quenched
gold on the decomposition of hydrogen peroxide and on
some physical properties. The type of defects and the
recovery temperature ranges are markedly affected by
the presence of impurities as well as by the nature and

activity.

degree of working. Consequently, it is desirable to
employ the same specimens for the measurements of
both catalytic activities and physical properties. The
measurement of thermoelectric force and hardness are
most convenient to this purpose.

Experimental Section

The pure hydrogen peroxide used was obtained by
vacuum distillation of 30% commercial hydrogen per-
oxide at 30 mm pressure after removing the contained
stabilizers by means of adsorption on stannic acid.
The rate of the decomposition of 3% solution was deter-
mined volumetrically with a modified Warburg appa-
ratus at 30 = 0.1°. Well-annealed gold (99.9% or
higher purity) was rolled to a constant degree (84%
compression) at room temperature. These rolled speci-
mens (50 X 0.17 X 0.005 cm) were used as the catalyst
(surface area approximately 17.5 cm2. The annealing
of specimens was carried out in an electric furnace for
1 hr at various temperatures. The quenched samples
were obtained in the following manner. The speci-
mens were suspended in a vertical furnace for 1 hr at
different temperatures, then allowed to fall into water
at 0°.  The micro-hardness (H) was determined with a
micro-Vickers hardness tester. The thermoelectric

(1) 1. Uhara, S. Yanagimoto, K. Tani, G. Adachi, and S. Teratani,
J. Phys. Chem., 66, 2691 (1962).

(2) 1. Uhara, S. Kishimoto, T. Hikino, Y. Kageyama, H. Hamada,
and Y. Numata, ibid., 67, 996 (1963).

(3 1. Uhara, S. Kishimoto, Y. Yoshida, and T. Hikino, ibid., 69,
880 (1965).

(4) D. D. Eley and D. M. MacMahon, J. Catal., 14, 193 (1969).
(5) K. B. Keating, A. G. Rozner, and J. L. Youngblood, ibid., 4,
608 (1965).

(6) M. A. Bhakta and H. A. Taylor, J. Chem. Phys., 44, 1264
(1966).

(7) M. J. Duell and A. J. B. Robertson, Trans. Faraday Soc., 57,
1416 (1961).
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Figure 1. Thermoelectric force (e ) and hardness (H) of
cold-worked gold as functions of annealing temperature.

force (E) was measured by means of the method pre-
viously described.8

Results and Discussion

As Figure 1 shows, the changes in E and H of cold-
worked gold are considerable in the range of about
100-200° (Td). In comparison with Clarebrough and
coworkers’ results,9'10 these changes are attributed to
the disappearance of dislocations. The dependence of
the catalytic activity on annealing temperature is shown
in Figure 2. The sudden change observed in the range
100-200° corresponds to Tdin Figure 1.
is similar to the case of cold-worked silver catalysts ob-
tained by Uhara and coworkers for the decomposition
of hydrogen peroxide.3 We may conclude analogously
that the active sites of gold catalyst for the reaction
are the surface terminations of dislocations. It can be
pointed out that the other possible factors affecting
the catalytic activity are decrease in surface area and
change in preferred orientation due to annealing. Ivabe,
Mizuno, and Yasumorinl found that the roughness
factors of palladium foil were only 2.0- 1.0 in the range
of annealing, 150-800°.
problem, it certainly seems desirable to obtain informa-
tion about the catalytic behavior of single crystals and
to study the influence of defects. On quenching, the
whole or part of the vacancies can be trapped in the
lattice, and the presence of these nonequilibrium vacan-
cies gives rise to the increase in E, as expressed by AE
= A exp(—E{/Tdg), where A is a constant, Ei the for-
mation energy of a vacancy, and Tg the quenching
temperature. Et is obtained from Figure 3A; Et =
1.0 eV for the range Tgq = 1100-1300°K. As Figure
3B shows, the values of H after quenching were the
same as that of well-annealed specimens. It is con-
cluded that the generation of dislocations does not oc-
cur during quenching. Making a comparison between
the present results and other investigations,1213 these

This result

As a clue to elucidate this

The Journal of Physical Chemistry, Vol. 76, No. 13, 1972
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Figure ». Catalytic activity of cold-worked gold as a function
of annealing temperature.

Figure 3. Logarithmic plot of thermoelectric increment (A),
hardness (B), and catalytic activity (C) of quenched gold as
functions of the reciprocal of quenching temperature (1q).

phenomena can be attributed to the formation of va-
cancies. On the other hand, the quenched catalysts
are inactive for the reaction as shown in Figure 3C;
that is, the catalytic activity does not depend on TQ.
It is suggested that surface emergent point defects of
guenched gold have no effect on the catalytic activity,
contrary to dislocations produced by cold-working.

-Acknowledgment. The authors wish to thank pro-

fessor |I. Uhara for reading the manuscript and for

helpful discussions.

(8) S. Kishimoto, J. Phys. Chem., 66, 2694 (1962).

(9) L. M. Clarebrough, M. E. Hargreaves, and M. H. Loretto,
Phil. Mag., 6, 115 (1962).

(10) “Recovery and Recrystallization of Metals,” Commonwealth
Scientific and Industrial Research Organization, Australia, 1963.

(11) T. Kabe, T. Mizuno, and I. Yasumori, Bull. Chem. Soc. Jap.,
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The free energy, enthalpy, and entropy of ionization of p- and m-hydroxybenzotrifluoride in water at 25° have

been determined from pA, measurements as a function of temperature.
determined by high-precision solution calorimetry.
AH® 4.99, 5.24 kcal/mol;

are pAa8.675, 8.950;

The enthalpy of ionization was also
The thermodynamic data for the para and meta isomers
and AS® —23.0, —23.3 cal/(deg mole), respectively. The

results suggest that double bond-no bond resonance is unimportant in the ionization of p-hydroxybenzo-

trifluoride.

Recently, several workers have criticized the concept
of fluorine double bond-no bond resonance as a signifi-
cant influence in rate and equilibrium processes.
Streitwieser and his coworkers2 have concluded from
their studies on the base-catalyzed exchange rates for
replacement of hydrogen for tritium in lii-undeca-
fluorobicyclo[2.2.1]heptane and on the base-catalyzed
protodetritiation kinetics on 9-substituted 9-tritiated
fluorines that fluorine hyperconjugation is notsignificant
in stabilizing fluoroalkyl anions. From electron para-
magnetic resonance studies on 2-trifluoromethylsemi-
quinone, Stock and Suzuki3 have concluded that car-
bon-fluorine hyperconjugation is much less significant
than carbon-hydrogen hyperconjugation. Sheppard4
has reported that the original work by Roberts, et al.,&
concerning the pAa of p-trifluoromethylanilinium ion
in 50% aqueous ethanol is in error and that the <
value needed to place the p-CF3substituent on a linear
free energy plot with other meta- and para-substituted
anilinium ions is +0.65 rather than +0.74. Stock and
his coworkersé have pointed out that a op/<rm ratio of
1.26 + 0.01 is obtained for the trifluoromethyl deriva-
tives of benzoic acid, aniline, and dimethylaniline, and
have concluded that there is nothing unusual about the
polar contribution of the trifluoromethyl substituent.7's

It has been reported by Jones9that p-hydroxybenzo-
trifluoride, when dissolved in aqueous base at room
temperature, is readily hydrolyzed with the loss of
fluoride ion.10 Roberts5 has used this observation as
evidence for charge delocalization in the anion via
double bond-no bond resonance interaction (I). In
order to gain further insight into the extent of charge
delocalization in this
quantities, AF°, AH?®,

system, the
and ASO,

thermodynamic
for the ionization

process have been determined in water at 25°. These
guantities have been shown to be valuable in assessing
the nature and degree of interaction of a substituent
with the reaction center and the nature of the solute-
solvent interaction. The enthalpies of ionization of

(1) (@) Georgia Institute of Technology;
versity.

(2) A. Streitwieser, Jr., and D. Holtz, J. Amer. Chem. Soc., 89, 692
(1967); A. Streitwieser, Jr., A. P. Marchand, and A. H. Pudjaat-
maka, ibid., 89, 693 (1967).

(3) L. M. Stock and J. Suzuki, ibid., 87, 3909 (1965).
(4) W. A. Sheppard, ibid., 87, 2410 (1965).

(5) J. D. Roberts, R. L. Webb, and E. A. McElIhill, ibid., 72, 408
(1950).

(6) F. W. Baker, R. C. Parish, and L. M. Stock, ibid., 89, 5677
(1967).

(7) Stock, et al.f however, used the incorrect pp for the aniline sys-
tem; <p<mmis actually 1.33, showing that there is a small enhance-
ment of polar effect over that predicted from the corresponding
benzoic acids. Stock has commented (private communication) that
1.33 is still rather close to 1.26 and that the difference does not
represent a sizable enough effect to invoke the concept of fluorine
double bond-no bond resonance.

(b) Georgia State Uni-

(8) Dewar has indicated that, in general, substituent effects are
more efficiently propagated from the para position than from the
meta position; <9p/<rm = 1.2: M. J. S. Dewar, “Hyperconjugation,”
Ronald Press, New York, N. Y., 1962, pp 159-172; M. J. S. Dewar
and A. P. Marchand, J. Amer. Chem. Soc., 88, 354 (1966).

(9) R. G. Jones, ibid., 69, 2346 (1947).

(10) Sheppard4 has indicated that p-trifluoromethylaniline also
appears to decompose in aqueous solution upon standing.
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m- and p-hydroxybenzotrifluoride were determined by
two methods: (a) measurement of the pAas as a
function of temperature, and (b) high-precision solution
calorimetry.

Experimental Section

(@) pKa Measurements. The pK & of m-hydroxy-
benzotrifluoride in aqueous solution has been deter-
mined from 14.90 to 55.96° by a method described
previously.11 Since the para isomer is known to react
at room temperature with aqueous base,912 measure-
ments of pH of 50% neutralized solutions were deter-
mined with respect to time using a Beckman Model
1019 pH meter and 50% neutralized p-nitrophenol as
the calibration standard. In all cases linear plots were
obtained which, when extrapolated to t = 0, gave the
pK & of the acid. The p/Ca of p-hydroxybenzotrifluo-
ride was determined in this manner from 8.75 to 32.80°.
The ionic strength of the solutions was kept low
(0.0017 M) and it was assumed that the use of 50%
neutralized p-nitrophenol as the calibration standard
(a compound of very similar structure to p-trifluoro-
methylphenol), also at the same low ionic strength
(0.0017 M), would result in a cancellation of activity
coefficients.11* 13

(6) Calorimeter Measurements. The heats of ioniza-
tion for the meta isomer were determined from the
heat released when 5 ml of 4.83 N NaOH is introduced
into the calorimeter containing a solution (980 ml)
with a known weight of the phenol. The meta isomer
was vacuum distilled on a spinning band column and
stored in a sealed vial until immediately before the
measurements. The observed heats for seven deter-
minations, which have been corrected for the heat of
dilution of the NaOH (q for 5 ml of 483 N NaOH
diluted to 980 ml was calculated from “Selected Values
of Chemical Thermodynamic Properties,” National
Bureau of Standards, U. S. Government Printing
Office, Washington, D. C., Table 92-2, as g = 0.39 cal),
are shown in Table I. The AH of neutralization values
were plotted against the square of the concentration of
dissolved phenol and extrapolated to infinite dilution
to obtain iS N°.

The neutralization reaction carried out in the calorim-
eter for the para isomer involved the same type pro-
cedure except that smaller samples were used because of
the appreciable heat effect accompanying the hydrolysis
of the anion. The size of the sample chosen produced
a heat effect well within the capabilities of the calorim-
eter, but did not change the drifts after the reaction by
more than 35%. W ithin several minutes after the intro-
duction of the sample, the thermal drifts had reached a
value that was only slowly decreasing (the drifts im-
mediately after the reaction were within 10% of those
after the second calibration some 5-8 min later). The
first set of drifts that could be obtained after the reac-
tion was used to extrapolate back to the midpoint of
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Table | Heat of Neutralization Data for
m-Hydroxybenzotrifluoride with 5 ml of 4.83 N NaOH

(corj - A#n,
Mol X 10s cal kcal/mol
15.542 129.8 8.39
10.210 85.1 8.33
9.5006 78.4 8.25
4.543 37.3 8.20
45125 37.1 8.23
4.2189 34.9 8.26
4.376 35.9 8.22
AT7?n° (extrapo-
lated) = s.10 *
0.05 kcal/mol

the reaction which was determined from the tempera-
ture-time curve during the reaction. With this pro-
cedure, the small heat effect (increase of ~ 0.02 cal/sec
in the drifts) due to the hydrolysis was compensated
for in the calculations.

The corrected heats and calculated AH of neutraliza-
tion value are tabulated in Table Il. The samples
used in the calorimetry studies were vacuum sublimed
and sealed into individual glass bulbs which were
broken to introduce the sample into the solution. All
of the runs were at concentrations below the lowest
concentration used for the meta isomer, and the average
AHnis taken to be A//x °,the infinite dilution value.

Table Il : Heat of Neutralization Data for
p-Hydroxybenzotrifluoride with 5 ml of 4.83 N NaOH

«(cor), - ANN,

Mol X 103 cal kcal/mol
3.132 26.89 8.58
3.774 30.42 8.06
4.125 33.88 8.21
3.606 29.99 8.31
2.962 25.26 8.53
2.479 20.48 8.26
2.607 21.30 8.17
1.897 16.47 8.68

Av = 8.35 =t 0.06

The calorimetry values for AT7n° have been combined
with the AH® = 13.34 kcal/mol for the ionization
process of H2 1415 to yield A77° for the ionization
process in water of the meta and para isomers. The

(11) C. L. Liotta, K. H. Leavell, and D. F. Smith, Jr., J. Phys. Chew,.,
71, 3091 (1967).

(12) C. L. Liotta and D. F. Smith, Jr., Chem. Commun., 416 (1968).

(13) W. F. O'Hara, T. Hu, and L. G. Hepler, J. Phys. Chem., 67,
1933 (1963).

(14) J. Hale, R. M. lzatt, and J. J. Christensen, ibid., 67, 2605
(1963).

(15) C. E. Vanderzee and J. A. Swanson, ibid., 67, 2608 (1963).
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AS°® values were obtained from combination of AG®
and AH®.

The calorimeter design follows very closely that
described previously.s8 A few modifications have im-
proved the reliability and overall operation of the
calorimeter. Temperature changes are followed with a
set of 100-ohm thermistors placed in parallel and a high-
sensitivity Mueller bridge. For a temperature in-
crease of 1°, the effective resistance of the thermistors
decreases by approximately 1 ohm. In principle, this
arrangement can measure a temperature increment
directly to the nearest 0.0001°. However, the heat
leaks into the system were adjusted to effect a tempera-
ture change of 0.001° in a 20-30-sec time interval,
making it more practical to follow the temperature to
the nearest 0.001° and interpolate to the nearest
0.0001°. Time intervals between successive tempera-
tures were automatically recorded with a Sodeco print-
ing counter activated by aswitch. The calorimeter was
calibrated electrically before and after the neutralization
reaction. The initial temperatures were such that the
reaction midpoint was at 25 + 0.1°.

The most significant modification involves a unique
sample introduction mechanism which eliminates the
appreciable uncertainty usually associated with the
determination of the heat of sample injection. In pre-
vious calorimeters of this type, this quantity was 1-2
+ 0.5 calories. The new mechanism involves a thin
polyethylene bag sealed with paraffin and attached to
the stirrer. The sample is introduced by turning two
stainless steel knife blades a precise distance with a
timing motor. The heat associated with introducing
the sample with this mechanism is below the detection
limits of the calorimeter, eliminating a major source of

error.

Results

(@) pK”™ Measurements. Tables 111 and 1V
marize the pAatemperature data for p- and m-hydroxy-
benzotrifluoride, respectively. In addition, Table 111
contains the change in pH with respect to time—time

sum-

Table 111: The Time and Temperature Dependence of
the pH of Half-Neutralized Solutions of 0.0017 m
p-Hydroxybenzotrifluoride

Temp, pra e Time, sec-—-----
°C 0 100 200 300 400 600 800
8.90 8.968 8.963 8.958 8.953 8.948 8.937 8.927
10.16 8.929 8.920 8.910 8.901 8.891 8.871 8.852
12.80 8.844 8.836 8.827 8.819 8.810 8.793 8.775
17.20 8.795 8.780 8.764 8.748 8.732 8.701 8.668
20.95 8.728 8.700 8.670 8.635 8.611 8.553 8.494
2260 8.708 8.673 8.636 8.600 8.565 8.494 8.424
28.05 8.650 8.571 8.495 8.423 8.350 8.205
29.65 8.648 8.561 8.472 8.384 8.296 8.119
32.89 8.623 8.494 8.364 8.253 8.107

Table 1V: The Temperature Dependence of the
p K a of m-Hydroxybenzotrifluoride

Temp, Temp, Temp,

°c pAa "C pAa °c pAa
15.12 9.1095 23.51 8.982 34.62 8.833
15.88 9.094 24.35 8.960 36.82 8.804
16.67 9.087 25.13 8.952 39.12 8.784
17.39 9.069 26.60 8.939 41.40 8.757
18.14 9.0615 27.81 8.914 44.50 8.734
18.64 9.049 28.95 8.898 45.63 8.712
19.55 9.0375 30.37 8.885 49.50 8.687
20.35 9.0325 31.52 8.876 51.20 8.669
21.40 9.020 32.00 8.871 51.60 8.667
22.70 8.990 32.20 8.867 53.07 8.654

zero being taken as the pAaat the particular tempera-
ture.
Equations 1 and 2 express the pAavalues of p- and

pAa= 1117.7/T + 4.949 @)
pK, = 1128.1/7° + 5.179 )

m-hydroxybenzotrifluoride, respectively, as a function
of absolute temperature.7 The pAa, enthalpy, and
entropy values at 25° for each of these isomers are
listed in Table V.

Table V: The Thermodynamic Data at 25° Derived
from the plfa-Temperature Data

AH?, ASO,
pAa kcal/mol cal/(deg mol)
p-cf3 8.675 5.12 + 0.3 —22.7+ 1.0
m-CFs 8.950 5.16 + 0.1 -23.7 £ 0.4

@) Solution Calorimetry. The inherent time de-
pendence in the pAa determinations for p-hydroxy-
benzotrifluoride leads to large error in the derived
AJ?° and A5° values, making it difficult to compare
these values profitably to those of the meta isomer.
The heats of ionization for the para and meta isomers
were therefore investigated by means of high-precision
solution calorimetry. A time dependence was also
encountered in the calorimetry studies for the para
isomer, but the effect on the measurement of the heat
of neutralization could be minimized by the extrapola-

tion procedures. In this way, accurate AH® values

(16) W. F. O'Hara, T. Wu, and L. G. Hepler, J. Chem. Educ., 38,
512 (1961).

(17) Three-parameter pA'aT equations have also been derived from
the data in Tables | and 11: (a) pAaly.CH) = 10,511.1/T — 58.7881
+ 0.10805IT, (b) p-ffa~-CFa) = 3051.4/T - 7.3937 + 0.020516T.
(The constants were calculated by the method of orthogonal poly-
nomial: N. W. Please, Biochem. J., 56, 196 (1954).) These authors
feel, however, that the pK&-T data on these compounds are insuf-
ficiently precise to permit the use of the above nonlinear equations
in 1/T to compute the thermodynamic functions.
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for both isomers were obtained and combined with the
AG° values obtained from the pAa measurements,
yielding A5° values for both isomers to =+0.2 cal/
(degmol). These values are tabulated in Table V I.

Table VI: The Thermodynamic Data Derived from the
Calorimetric Measurements and the piG’s at 25°

AH®, AS°,
pKa kcal/mol cal/Cdeg mol)
p-c 3 8.675 4.99 + 0.08 -23.0 £ 0.5
to-C F 3 8.950 5.24 + 0.08 -23.3 + OA
Discussion

It has been postulated that the entropy of ionization
qualitatively reflects the relative degree of solvent
orientation around the un-ionized and ionized solute
species involved in the equilibrium.11,18 For example,
let us ionization of p- and m-nitro-
phenol in water. The entropies of ionization for the
para and meta isomers have been found to be
—16.91% and —21.11% cal/(mol deg), respectively. To
a good approximation, it may be assumed that solvation
of the un-ionized forms is the same and that entropy
differences reflect the relative orientation of solvent
molecules around the ionized (charged) species. W hile
the negative charge on the oxygen of the p-nitrophenox-
ide ion can be delocalized over the entire molecule by
direct resonance interaction with the nitro group (elec-
tromeric effect), this type of interaction should be un-
As a result,

consider the

important in describing the meta isomer.
one would expect the negative charge on the m-nitro-
phenoxide ion to be more localized on the oxygen atom.
This would result in a tight solvation of the anion of
the meta isomer and a comparatively loose solvation of
the anion of the para isomer. This description is
qualitatively reflected in the relative entropies of ioniza-
tion. A of the
tion of m- and p-cyanophenolo (—21.8 and —20.0
cal/(mol deg), respectively) and m- and p-formyl-
phenol11,2122 (—23.4 and —20.2 cal/(mol deg), respec-
tively) again reveals that charge delocalization of the

comparison entropies of ioniza-
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para isomer produces a more positive entropy of ioniza-
tion.

W hile Table IV reveals that the entropy of ionization
of the para isomer is more positive than that of the
meta isomer, the difference amounts to only 0.3 cal/
(mol deg). This small difference indicates that charge
delocalization in the anion is small and that fluorine
double bond-no bond resonance does not contribute
significantly to this system.

Analysis of the thermodynamic pAa values (25°)
determined in this study with the thermodynamic pAas
of a wide variety of meta- and para-substituted phe-
nols23 produces the following substituent parameters:
a(pCF) — +0.56 and T(m-CFs) 10.45, the ratio
<I(3-CF3/0'(m-PF3 being equal to 1.25, which is essentially
identical with the ratio of the corresponding benzoic
acids (1.26),12a reference system in which double bond-
no bond resonance should be unimportant. One may
conclude, therefore, that the electrical effects of the
trifluoromethyl group operating in the benzoic acid
system are the same as those operating in the corre-
sponding phenolic system.

In summary, analysis of the relative entropies of
ionization and relative pK &alues of p- and m-hydroxy-
benzotrifluoride suggests that double bond-no bond
resonance interaction is unimportant in the ionization
of p-hydroxybenzotrifluoride.
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An integral furnace mass spectrometer has been used to measure the equilibrium partial pressure of ethynyl
radical, C2H, present when graphite reacted with H2 C2H2, or CH4at 1950-2230°K; ARf°298(C2H) = 130 + 5
kcal mol-1 (543 = 20 kJ mol-1) has been determined. From the examination of a similar system with nitrogen
as an inlet gas, new lower limits of 149 and 136 kcal mol-1 (624 and 568 kJ mol-1) have been assigned to the

heats of formation of CNC and C3\, respectively. The ionization potential of C2H was measured, |.P.(CH) =

11.6 * 0.5 eV.

Using the above data the following dissociation energies have been assigned [kcal mol-1

(kJ mol-1)]: D(H-CH) = 128 (535); D(H-CH+) = 134 (560); £>(H-C2 = 120 (502); Z)(H-C2+) = 131
(547). The proton affinities of C2and CZH are calculated to be 7.1 and 7.5 eV using I.P.(C2 = 12.2eV. The
ionization potential of C3was measured, I.P.(C3 = 12.1 + 0.2 eV.

Introduction

Although the existence of an ethynylium (C2H) had
been reported by several laboratories, its heat of for-
mation remained uncertain.3-9 After reviewing the
literature, Bauer, €t al.,10 adopted a value of 116 kcal
mol-1; a value of 114 kcal was listed in the JANAF
tables.11 Observing the trend Z)(H-CH2CH3 = 098
kcal2zand Z)(H-CHCH?2 = 103 kcal,12 one would ex-
pect a lower limit of Z)(H-C2H) greater than 103 kcal,
and therefore AHf(C2H) greater than 105 kcal. An
upper limit of 123 kcal has been inferred from photo-
chemical data.13

This paper presents the first direct determination of
the heat of formation of C2H from a study of the high-
temperature reaction of graphite with various hydro-
carbons. In addition, the reaction of graphite with
nitrogen was studied.

For both of these systems, species with molecular
weights greater than 140 have been reported.14155 A
hypothesis about the origin of these species is presented.

Experimental Section

Unless specifically noted, the experimental details
were the same for both the graphite + hydrocarbon
and graphite + nitrogen systems. A general descrip-
tion of the mass spectrometer, the integral furnace
assembly, and the vacuum inlet system used in this
study has been given previously.1416

Shown in Figure 1 is a cross section of the crucible,
which was filled about three-quarters full of 10-mesh
graphite. The crucibles were machined from ZTA
graphite (density 1.95, National Carbon Co.) or
GRAPH-I-TITE A (density 1.91, Carborundum, Inc.).
No experimental difference was observed between runs

using crucibles made from these graphites. ATJ
graphite (density 1.73, National Carbon Co.) used in
earlier experiments was found to be more porous to
both nitrogen and hydrogen than the more dense graph-
ites. For a given flow rate of inlet gas, the molecular
beam intensity of N2+ or H+ whs about one-half of that
in a crucible made from the higher density graphites.
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17cm.

Figure 1. Cross section of the graphite crucible which was
covered with 20-mil tantalum. In all of the studies the orifice
diameter was 0.5 £ 0.05 mm.

The orifice diameter was 0.5 + 0.05 mm; intensity and
other limitations did not permit it to be varied.

The system was heated by electron bombardment.
By adjustment of the height of the filaments (this re-
quired disassembling the furnace) it was possible to
reduce temperature gradients, as measured by optical
pyrometry, to less than 10° for the temperature range
1700-2250°K.

The mass spectrometer was normally operated under
the following conditions: emission current, 1.2 mA
(which corresponds to a trap current of 10~5A); ion-
izing electron voltage, 15-19 V ; and accelerating volt-
age, 4 kV. lons were detected with a50% transmission
grid and 20 stage Cu-Be secondary electron multiplier
operated at 4 kV.

A movable beam defining slit, “shutter,” located be-
tween the furnace assembly and the ion source per-
mitted the differentiations of ions which originated from
the crucible, graphite lid, radiation shields, and/or
background gases. The relationship of the slit to the
various parts of the furnace assembly is depicted in
Figure 2.

All of the inlet gases, nitrogen, hydrogen, acetylene,
and methane, were obtained from the Matheson Co.;
there were no observed impurities and they were used
without purification.

Data were gathered and partially reduced by an on-
line PDP 8/S computer system.17 This system was
extremely useful in measuring time-averaged ionization
efficiency curves for species with low intensities and
shutter profiles (ion intensity VS. shutter position) for
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Figure 2. View of the shutter and furnace assembly as seen
from the ion source, showing the relationship of the shutter
slit (SS) to the furnace assembly consisting of the crucible
orifice (O), graphite surface of the lid (GS), tantalum cover
(TC), and shield opening (SO). The intensity of C3+ (CP)
is shown as function of the position of the center of the slit.

permanent gases. Further data reduction was done

at the University computing facility.

Data and Experimental Results

A. Carbon + Nitrogen.
with graphite was studied in order to investigate the
presence of C/N,, species including those of molecular
weight up to 144 as reported earlier.55

In order to test for equilibration, the heat of forma-
tion of CN was determined. As shown in Figure 3, a
second law analysis of the data yields Af/f,208(CN) =
100 = 3 kcal mol-1; a third-law treatment of the same
data yields 102 + 2 kcal. These are in good agree-
ment with the JAN AF Bvalue of 104 = 2.5 kcal which
is based on the latest ionization1920 and other2l data.

Table | lists the ion intensities observed for various
species at the highest temperature and pressure. The
sensitivity factor used to convert ion intensity to pres-
sure was chosen to minimize the difference between the
calculated and experimental pressures of both C and
C3. The maximum assigned intensity of C/N+, m/e
50, was not as low as for CN C +, m/e 38, due to a hydro-
carbon, O4U 2U background. These data were used to
calculate lower limits for the heat formation of CNC
and CaN. At atemperature of 2233°K and a nitrogen
pressure of 5 X 10~3Torr, no other CxN y species were

The reaction of nitrogen
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Sci., 3, 130 (1971).
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(20) J. Berkowitz, W. A. Chupka, and T. A. Walter, ibid., 50, 1497
(1969) .

(21) D. W. Setser and D. H. Stedman, ibid., 49, 467 (1968).



Heat of Formation of Ethynyl Radical

Figure 3. A second-law plot for the reaction: C(s) + 1/2Nz2—»
CN. Two N2 pressures were used. Circles represent higher
pressure and triangles represent lower pressure.

detected. The instrument detectability limit under
these conditions corresponded to an internal crucible
pressure of 2 X 10-8 Torr.

Table 1 : Representative Data from C + N2 System*“
Beam Sensitivity
intensity, factor,b Fcrucible,” mPjANAF,

lon 10-“ A Sc/Sx 10-10 atm 10“0atm
c 0.25 1.00 18 25
c2 0.11 0.44 4.0 2.5
C3 3.3 0.29 63 45
CN 2.8 0.64 130 230
1N N 6.3 1.28 6.0 X 10id
(CAN) /0 .008 0.29e /7Q.17 15
(CaN) \0.09 0.29e \1l.9
amp _ 2233°K, 18-eV electrons, Run 701119. b Includes

cross section, multiplier gain, and voltage above threshold cor-
rections. cp = /+(sens factor)T/iS, s = 3 A °K atm'l
d Corrected to 1:N2 e Assumed equal to C3

The heat of formation of CNC was calculated to be
greater than 149 kcal mol“1 Free energy functions
were taken from the JANAF tables for the reaction
2C(s) + VN2= CNC.

It has been possible to deduce a maximum for the
heat of formation of CNC of 172 kcal. This is based
upon the fact that CNC has an absorption band from
288-283 m,u which does not show evidence of dissocia-
tion;2 therefore, D(C-NC) greater than 102 Kkcal
mol-1 was assumed. The relationship of these quan-
tities is shown in Figure 4. The isomer CNC was
chosen over CCN because the minimum heat of forma-
tion of CCN must be greater than 194 kcal, using
D (C-CN) less than 83 kcal, based upon the dissociation
observed for the absorption of 345-m/i radiation by
CCN.23

It was possible also to calculate a lower limit of 136
kcal mol-1 for the heat of formation of CaN. The free

1915

>109a

C+CN < CNC

>151

Figure 4. Energetics of the carbon + nitrogen system for
CNC and CaN. “Reference 22. 'Present work. ‘'Reference 7,

energy function for C3N was estimated using the
JANAF free energy functions for C4 and C2N 2 [feic,N
= 1 2(fefci + fefcN) — R In 2]. Setser7 has reported
an upper limit for the heat of formation of C3N of 149
kcal mol-1 based upon AHf(C4N 2 = 127 kcal.11 The
relationship of these limits is shown in Figure 4.

B. Carbon + Hydrocarbons. As found previously,14
there were shutterable peaks corresponding to C-H,,
species to beyond mass 140. Detailed shutter profiles
of these species showed that they were not effusing
from the crucible orifice, but rather from the volume
between the inner radiation shield and the crucible.
Examples of the profiles, scanned under computer con-
trol, are shown in Figure 5. Only H+, C+, C2+, C3+
C2H+, and C2H 2+ had profiles which implied they were
originating directly from inside the crucible. All of the
other peaks (see ref 14), including H 2+ had similar
profiles. A profile of this type, m/e 67, is shown also
in Figure 5.

Intensities were measured for H+, C+, C2+, C3+,
CH+, and C2H 2+ at various temperatures using hydro-
gen, acetylene, or methane as inlet gases. A repre-
sentative sample of observed ion currents is shown in
Table Il. Since the shutter percentage of m/e 25 was
greater than that of any other hydrocarbon species,
most of the intensity must be due to the ionization of
CH. The shutter percentage of C2H+ decreased with
decreasing temperature until at temperatures less than
1900°K it was the same as that for acetylene. |In
order to correct for the contribution of fragment CH+
to the (CH+/C2H) intensity, the following procedure
was used: the background intensity at m/e 25 was

(22) A. J. Merer and D. N. Travis, Can. J. Phys., 44, 353 (1966).
(23) A. J. Merer and D. N. Travis, ibid., 43, 1795 (1965).
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Figure 5. Comparison of the shutter profiles of H+, CoH +,
C2H2+, and CsH7+ to that of Cs+ (solid curve). From such
profiles it is concluded that only H +, C:H +, C2H2+, C3+,

along with C+ and C2+ (not shown) originated directly from the
crucible. All of the other ions had profiles which were similar
to that of CeH7+

assumed to be entirely due to fragment C2H+, this in-
tensity was multiplied by 100%/(100 C2H 2 shutter %)
and subtracted from the total intensity at m/e 25 to
obtain the beam intensity of C2H. This correction is
minor at the higher temperatures. Operation at ioniza-
tion voltages less than 15 V, which would have pre-
vented this problem, was not feasible due to the low
ion intensity of C2H. Instrument sensitivities were
calculated from intensities measured for C +, C2+, and
C 3+, using pressures given in the JANAF tables as was
done for the C + N 2system, as shown in Table I.

Table I1: Representative Data for the
Carbon + Hydrocarbon System“

Total Beam6
intensity, Shutter intensity, Pressure,0

T, "K lon 10"» a % 10-n A 10“8atm
2233 H 60 72 43 570

CH 1.1 73 0.68% 0.12

czh2 45 33 15 1.9
2111 H 47 69 36 450

CH 0.57 65 0.266 0.044

czh2 28 34 9.5 1.1
2036 H 33 67 22 270

CH 0.27 60 0.0e% 0.010

czh2 19 32 6.1 0.71

“18-eY electrons, Run 710318. s C2H: beam intensity cor-
rected for the C2H +/C:H: contribution (see text); in this case
the C2H +/C2H: contributions were 15, 28, and 53% of the ob-
served beam intensity. o Using sensitivity = 3.3 A °K atm-:
(for m/e 12).

To help confirm equilibrium, the heat of formation
of acetylene was calculated from the intensity of H+
and CH 2+ For various runs these values of AJ/f,298-
(C2H 2 were within +£3 kcal of the accepted value2s of
54 kcal mol-1. The differences are attributed to the
uncertainty in extrapolating the ratio of the cross sec-
tions of H, CH 2 C, C2 and C3and in setting the low
ionizing electron voltages (15-19 V) that were used.

Analysis of the data, which yields A/7f,298(C2H) =
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130 * 3 kcal mol-1 using the third-law method for
various equilibria, is shown in Table IIl. The error
limit is the standard deviation of the data.
law treatment had too much scatter to be used.

A second-

Table Ill1: Comparison of Third-Law Values
of AHfo205(C2H) from Various Runs

AHT °293(CH),
Inlet keal
Run gas T, "K Reaction mol-1
710318 h2 2233 2C(s) + H-mCH 131
2153 130
2036 129
2233 C2 + CoH2 — 2CH 133
710402 czh2 2188 2C(s) + H—»CH 126
2188 Cz+ CoH2— 2CH 130
2188 2C(s) + C:H2— 2CH 133
2091 131
2008 130
710411 cha 2168 Cz + CoH2— 2CH 131
2168 2C(s) + CeH2— 2CH 130
2063 135
1968 126
130+ 3

The ionization potential of C2H was determined by
point by point averaging 100 pairs of shutter open,
shutter closed scans taken at 0.1-V increments of the
ionizing electron voltage. Figure 6 shows the com-
parison of the ionization efficiency data for C2H to
those obtained for C and C2H 2at the same temperature.
A value of 11.6 = 0.5 eV is obtained for the ionization
potential of C2H; the large uncertainty is due to the
low ion intensity. Combining this value with the
A.P. of CH+ from C2H 2 of 17.22 eV,%5 one obtains
ARf 2a(C2H) = 131 = 12 kcal mol-1.

The ionization potential of C3 also was measured.
By decreasing the resolution of the instrument it was
possible to acquire simultaneously ionization efficiency
curves for C3 and H 31 (background species). Anal-
ysis of the data showed I.P.(C3) to be 0.85 eV less than

I.P.(HCI). Using a 0.2-eV correction for C3 being at
2000°, the following result is obtained: 1.P.(C3 =
12.1 eV = 12.74% - 0.85 + 0.2 £ 0.2 eV. Thisisin

line with an earlier and probably less exact value of
126 * 0.6 eV.5 Consequently Z)(C+-C2 = 6.7 eV.

Discussion

A. Carbon + Nitrogen.
A//t,208(CNC) must be between 149 and 172 kcal mol-1.
This value is more limited than the JANAF value of

As is shown in Figure 4,

(24) J. D. Cox and G. Pilcher, “Thermochemistry of Organic and
Organometallic Compounds,” Academic Press, New York, N. Y.,
1970.

(25) R. Botter, V. H. Dibeler, J. A. Walker, and H. M. Rosenstock,
J. Chem. Phys.. 44, 1271 (1966).

(26) J. G. Dillard, H. M. Rosenstock, J. T. Herron, K. Draxl, J. L.
Franklin, and F. H. Field, NSRDS-NBS 26 (1969).
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Figure s . Semilog plot of the ion intensity of C, C-H, and

CzH: vs. ionizing electron voltage (uncalibrated). Using

l. P.(C) = 11.30 and I.P.(C2H2) = 11.40 eV.2 I.P.(C2H) =
11.5—21.6 eV is obtained; 11.6 eV was chosen with limits of

+0.3 eV. Since all of the ions were at the same temperature

(only beam intensities were used), no temperature

correction was made.

133 + 30 kcal. Safrany and JasterZ believe AHt-
(CNC) must be on the order of 149 kcal to explain the
reaction of N2 with CN 2 Limits on the heat of for-
mation of C3N and CN C should be useful in formulating
possible reaction mechanisms for various C + N 2sys-
tems.2829

B. Carbon + Hydrocarbons. The value of 130
kcal mol-1 determined for A/L(C2H)
the previous upper limit of 123 kcal.
value were indeed 123 kcal mol-1 then the observed ion
intensity of C2H should have been tenfold larger, which
would have been detected easily. The possibility of
extensive fragmentation is not likely because I.P.(CH)
is 11.6 eV, whereas A.P.(C2+/CH) or A.P.(H+, C*"/
CH) must be above 16 or 15.2 eV, respectively;
tensive fragmentation is observed to occur when the
respective I.P. and A.P. lie close to each other.30-32

is greater than
If the correct

ex-

Another possible cause of systematic error is that
equilibrium was not attained in the reactor. This was
observed for asimilar system by Chupka, etal.3 Owing
to physical limitations of the system, it was not possible
to vary the orifice area significantly to check for non-
equilibrium. In contrast, there are several observa-
tions which indicate the system is at equilibrium.
There was no dependence of the heat of formation of

CXH upon inlet gas nor reaction chosen as shown in

Table Ill. Acetylene was at equilibrium in the sys-
tem. Finally, when studied in an identical reactor,
the carbon-nitrogen system attained equilibrium.

These pieces of evidence notwithstanding, the possibil-
ity that equilibrium is not reached is a serious drawback
of this and other gas inlet experiments. We feel, how-
ever, that the present study on C2H has been done as
well as the best existing technique permits.

The previous upper limit was based on a study by

Cherton13 of the photolysis of acetylene. When 236-
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mj. (121 kcal mol-1) radiation was used, the formation
of diacetylene was observed. The first step was as-
sumed to be CH2+ hv —mC2XH + H; however,
direct evidence was given for this step nor for the
There is no spectro-

no

purity of the exciting radiation.
scopic evidence for dissociation.
acetylene absorption, Ingold and King3concluded that
if a continuum exists in the 220-240-m/z region, it must
Since dissociation

In a careful study of

be extremely weak (e <0.01 cm-1).
occurs and the extinction coefficient of acetylene in-
creases rapidly at shorter wavelengths (eig49,m = 20
cm-1),34one must know exactly the spectral content of
the exciting radiation in order to interpret correctly the
data of a photochemical study.

Setser and Meyer7 concluded that AI/f(C2H) is less
than 122 kcal mol-1 from studying the following reac-
tion: Ar* + HCXN -* Ar + HC2+ CN*. Their
calculation depends directly upon A7/f(HCZ N) esti-
mated to be 91 kcal mol-1 using the Group Additivity
method of Benson, €t al.% The “Laidler” tables of
Cox and Pilcher24 give 91.8 kcal. Assuming AH = 0
for CH2 + C2(CN)2 = 2HCOCN, one obtains 90.5
kcal. Conversely, our A/7f(CH) = 130 combined
with the Setser and Meyer data gives A//f,28(HC2N)
= 101 kcal We do not know the reason for
this descrepancy.

The experimental electron impact ionization poten-
tials of CH are 11.6 (present) and 11.25 eV.6 When
combined with A.LP.(CH+/CH?2 = 17.22 eV,5 these
agreement with the present

mol-1.

are in slightly better
AHf(CH).

The heat of formation of C2H is related directly to
the CC-H and HCC-H bond dissociation energies.
A comparison of various carbon-hydrogen bond en-
ergies is presented in Table IV. It is interesting to
note how much stronger the carbon-hydrogen bonds
are in acetylene than in the other hydrocarbons. Sim-
ilarly, Chupka, €t al.,% have compared the gas phase
behavior of metal Likewise,
one can compare, as shown in Table V, the hydrides of

dicarbides and oxides.
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(1969).
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C2and 0. The hydrogen bonds show similar trends
for both the neutrals and positive ions. Using I.P.(C2
= 12.2 eV and I.P.(CH) = 11.6 eV (present), the
proton affinities of C2and CH are 7.1 and 7.5 eV, re-
spectively.

Table 1V: Comparison of Zpss(C-H) and Average ZZ28C-«H)
for Various Simple Hydrocarbons

D, Average D,
Bond kcal mol '1 bond kcal mol-1
CA-H 98« Cz-6H 986
cnan 105" C-4H gl
c2h3h 103“ C2-4H 986
c2h-h 128* C2-2H 1236
Benson, et al., ref 35. b Cox and Pilcher, ref 24. ¢ JANAF
tables. d Present work.
Table V: Comparison of (H-X-H) Bonds
D, D,
Bond kcal mol-1 Bond kcal mol-1
c2h-h 128" HO-H 118c
c2h +-h 134" HO+-H 132*
c2h 120" O-H 10P
c2+-h 131* 0+-H 120%

Present work.
eV, ref 21.

b Present work and using I.P.(C2) = 122
cJANAF tables, ref 11. d NRSDS-NBS, ref 26.
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Several groups of workers38-41 have debated the im-
portance of the following reaction in the combustion of
acetylene: 0 + C2H2—»OH + C2H. From the val-
ues given in Table V it is clear that this reaction is
about 26 kcal endothermic, which would disfavor it.

Although the hydrocarbons that had a molecular
weight greater than 26 were not observed originating
from the inside of the crucible, they were found to be
coming from the region between the crucible and the
inner radiation shield. These species were not insig-
nificant in comparison to the intensities of C2H+ and
C2H 2+ The relative intensities of the various hydro-
carbon ions were comparable to those observed previ-
ously in this laboratory.14 No further hypotheses are
made concerning the genesis of these hydrocarbons
except to note that they are formed at high tempera-
tures, low pressures, and nonequilibrium conditions.
These species may play a role in such nonequilibrium
situations as flames or volcanoes in the primordial
atmosphere.
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